Probing the microscopic dynamics of complex fluids with x-ray photon correlation spectroscopy by Lumma, Dirk.
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
The RESEARCH LABORATORY of ELECTRONICS
- -- -- -- I
Probing the Microscopic Dynamics of
Complex Fluids with X-Ray Proton
Correlation Spectroscopy
By: Dirk Lumma
RLE Technical Report No. 644
September 2000
_ _ II ____

Probing the Microscopic Dynamics of Complex Fluids
with X-Ray Proton Correlation Spectroscopy
By: Dirk Lumma
RLE Technical Report No. 644
September 2000

Probing the Microscopic Dynamics of Complex Fluids with
X-Ray Photon Correlation Spectroscopy
by
Dirk Lumma
Bachelor of Arts in Philosophy (1997)
Harvard College
Master of Science in Physics (1996)
Massachusetts Institute of Technology
Submitted to the Department of Physics
in partial fulfillment of the requirements for the degree of
Doctor of Philosophy in Physics
at the
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
September 2000
© Massachusetts Institute of Technology 2000. All rights reserved.
Author ...........................
Certified by ....... .... ........
........ ..... ... .. .... .
Department of Physics
June 27, 2000
G. ....... ..
Simon G. J. Mochrie
Associate Professor
Thesis Supervisor
Accepted by ..............................
Professor, Associate Department Head fo/ducation
Probing the Microscopic Dynamics of Complex Fluids with X-Ray
Photon Correlation Spectroscopy
by
Dirk Lumma
Submitted to the Department of Physics
on June 27, 2000, in partial fulfillment of the
requirements for the degree of
Doctor of Philosophy in Physics
Abstract
This thesis introduces a multispeckle correlator algorithm for reducing time sequences of
two-dimensional scattering patterns to autocorrelation functions. The procedure is em-
ployed in x-ray photon correlation spectroscopy (XPCS) measurements on complex fluids.
Specifically, XPCS and small-angle x-ray scattering have been applied to characterize
the dynamics and structure of concentrated suspensions of charge-stabilized polystyrene
latex spheres dispersed in glycerol, for volume fractions between 2.7 and 52 percent. The
static structures of the suspensions show essentially hard-sphere behavior. The short-time
dynamics shows good agreement with predictions for the wavevector-dependent collective
diffusion coefficient, based on a hard-sphere model. The intermediate scattering function
(ISF) is observed to violate a scaling behavior found previously for a sterically stabilized
hard-sphere suspension.
Novel experimental data are also presented on the dynamics of compositional fluctua-
tions in a miscible, entangled homopolymer blend of monodisperse poly(ethylene oxide)
and poly(methyl methacrylate). The dynamics has been studied on length scales smaller
than the component polymer radii of gyration, and for times beyond the plateau separating
elastic from viscous response. XPCS has been employed to characterize the ISF in this
previously unaccessed, non-diffusive regime of polymer dynamics, allowing for a critical
test of the reptation model of polymer dynamics. Measured blend relaxation rates are in
quantitative agreement with long-standing predictions of the reptation model. The observed
mode amplitudes seem consistent with the entanglement lengths of the component chains.
Experimental findings on polymeric relaxation are compared to predictions of the dy-
namic random-phase approximation, which is used to infer collective blend behavior from
single-chain, reptative relaxation. Explicit expressions for the ISF of entangled blends are
provided. Theoretical relaxation spectra are presented for the entire range from the diffu-
sive to the non-diffusive regime of polymer dynamics.
Thesis Supervisor: Simon G. J. Mochrie
Title: Associate Professor
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Chapter 1
Introduction
The recent commissioning of high-energy, third-generation synchrotrons presents new op-
portunities for research with x-ray beams that are several orders of magnitude more brilliant
than those available previously. One of the most exciting opportunities offered by the un-
precedented brilliance is the possibility of investigating the dynamics of condensed matter
on molecular length scales using x-ray photon correlation spectroscopy (XPCS). Photon
correlation spectroscopy with laser light - also known as dynamic light scattering - has
long been employed to investigate the dynamics of condensed matter on micrometer length
scales in transparent media, and the principles are well-known [29]: a sample is illuminated
by coherent radiation, resulting in a random speckle pattern which varies in time as a result
of temporal fluctuations within the sample. The time-autocorrelation of the speckle pattern
yields the characteristic times of the sample.
The novelty of the XPCS technique lies in the use of x-rays, rather than laser light, to
carry out photon correlation spectroscopy studies, and in the possibilities for new discov-
eries and understanding that will follow [19, 123]. By extending the region of phase space
accessible to scattering studies beyond the limitations that hamper light and neutron inves-
tigations, XPCS has the potential to become an important technique with a major impact
on our understanding of microscopic dynamics in complex fluids, although the technique
is not yet established as such. Accordingly, hand in hand with the scientific objectives of
this thesis, XPCS has been further refined to turn into such a tool.
This thesis will present novel experimental data on the equilibrium dynamics of two
15
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very distinct complex fluid systems. Measurements on a colloidal suspension of polymeric
particles were capable of characterizing them as essentially following hard-sphere behav-
ior, both statically and dynamically. Investigations of an entangled homopolymer blend
yielded results that highlight the consequences of the microscopic entanglements in such a
system. Both of these complex fluids were probed on the microscopic length scales most
characteristic of the systems in question.
1.1 Exploring New Realms of Dynamic Phase Space
The technique of XPCS has recently been demonstrated in pioneering small-angle x-ray
scattering studies of dilute colloidal suspensions of nanoscale gold particles [41], and of
fractal aggregates composed of small palladium particles [124, 125]. The first application
of XPCS to a polymeric system has been presented in Ref. [78], describing a study of
the diffusion of polymer micelles. An XPCS study of Sb2 05 particles can be found in
Ref. [129], and an application of coherent x-ray scattering to non-equilibrium fluctuations
during domain coarsening in borosilicate glass is presented in Ref. [76]. A more recent
work uses XPCS to probe layer fluctuations in smectic-A films of liquid crystals [94].
The two physical systems studied in this thesis exhibit similar characteristic length and
time scales. By virtue of these similarities, both systems belong to the same region of
dynamic phase space. In the colloidal system, given by a suspension of almost perfectly
spherical particles, the fundamental time scale is set by the viscosity of the suspending
medium, while the characteristic size is determined by the mean particle radius of about
67 nm. Glycerol was chosen as the suspending medium since it exhibits a large viscosity
that is strongly dependent on temperature. The relaxation spectrum could then be shifted
over a wide range in frequency space, simply by tuning the equilibrium temperature of the
system. The suspensions studied closely resemble hard-sphere behavior, implying that a
change in temperature will bear no significance for the effect of interactions among the
particles.
Polymeric systems constitute a natural match for the technique of XPCS. This is the
case since the length scales of interest are generally set by the polymer radii of gyration,
16
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Figure 1-1: Dynamic phase space probed by different scattering techniques. The horizontal
axis specifies the characteristic length scales that can be probed by a particular technique.
The vertical axis indicates the range of accessible frequencies.
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which typically amount to a few hundred Angstroms, and which are therefore accessible in
x-ray scattering experiments, but not in light scattering experiments. At the same time, the
relevant time scales are quite long, ranging up to tens of seconds, as a result of the slow,
often entangled motions of individual polymer molecules. These long-time relaxations
are generally slower than can be easily studied by the neutron spin-echo (NSE) technique,
which probes dynamics on time scales faster than about 200ns [100, 109]. Fig. 1-1 il-
lustrates how XPCS allows one to explore a region of dynamic phase space that has not
been accessible to scattering techniques thus far. XPCS probes characteristic frequencies
comparable to those of dynamic light scattering, yet on smaller length scales. These small
length scales can be probed dynamically by using inelastic neutron scattering techniques,
but not at the low frequencies accessible with XPCS.
1.2 Static Aerogel Speckle
A necessary prerequisite for being able to perform any photon correlation spectroscopy
measurements is the use of a partially coherent beam in the scattering setup. In the present
XPCS measurements, such a beam is created by aperturing a highly brilliant undulator
source. If this beam is then scattered from a static sample, one expects the resulting pattern
to acquire a granular appearance, commonly referred to as speckle. In fact, scattering from
a static aerogel sample provides a convenient method for characterizing the coherence of an
x-ray beam [105, 130]. Fig. 1-2 shows the small-angle scattering obtained for an aerogel of
thickness 0.6mm with 95 percent voids. The image shown represents the time-average of
a sequence of images acquired by means of a CCD area detector. The origin of reciprocal
space is located slightly above the center of the top edge of the image, and the scattering
wavevector ranges up to about 0.2 nm- .
The small-angle scattering is strongly modulated in a random fashion by virtue of the
partially coherent illumination, causing the scattering pattern to be speckled, just as in the
familiar scattering from laser light. Characteristic of speckle is the large point-to-point
intensity variation, seen in Fig. 1-2. The speckle produced by a single mode of the elec-
tromagnetic field is expected to display an exponential intensity distribution. However,
18
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Figure 1-2: Speckled, static scattering pattern from a silica aerogel. Shown is the time-
average of a sequence of images on a two-dimensional CCD detector. The origin of recip-
rocal space is located slightly above the center of the top edge of the image. The numbers
on abscissa and ordinate index a grid of spatial detector channels. The beamline settings
required for observing such a scattering pattern do not correspond to those used for data
acquisition on soft-matter systems.
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partially coherent illumination produces speckle that may be considered the sum of M in-
dependent modes. It is then straightforward to show that the probability density of the
intensity is given by [51, Eq. (2.131)]
p(I) = MM(I/(I))M-le- MI/() /[I(M)(I)]. (1.1)
The distribution of intensity described by Eq. (1.1) has mean (I) and standard deviation
6 = (I) /M. In the context of an XPCS experiment, the extrapolated zero-time intercept of
the baseline-subtracted intensity time-autocorrelation is given by 13 = 1/M. In this thesis,
f will be referred to as the "optical contrast". It may, however, also be determined from
the spatial variation of the intensity across a single image, provided that the image has suf-
ficiently small counting noise. One would then exploit the relationship 1 + m1 (12)/(I)2,
where ( ... ) denotes an ensemble average. The number of independent modes contributing
to a partially coherent beam, M, can thus be extracted from both static and dynamic data.
This fact is utilized in our standard data acquisition procedure. Before each dynamic data
acquisition, the coherence of the x-ray beam is characterized by analyzing a static aerogel
scattering pattern, yielding the optical contrast of the experimental setup as a function of
scattering wavevector.
Inspection of Fig. 1-2 reveals that the intensity does not fluctuate from pixel to pixel,
but rather varies over a scale of a few pixels. The dimensions of the illuminated area of the
sample, denoted by dh and d, are reflected in the corresponding speckle pattern: a typical
speckle has dimensions of - DX/dh and DX/dv in the horizontal and vertical directions,
respectively, where D refers to the sample-detector distance, and X to the wavelength of the
scattered radiation. The x-ray measurements described in this thesis were carried out at the
MIT-McGill-IBM undulator beamline of the Advanced Photon Source, whose coherence
properties were determined in Refs. [105, 106]. It should be emphasized that the beamline
setup leading to scattering patterns like the one of Fig. 1-2 does not correspond to the one
optimized for studying soft-matter systems. During the latter measurements, a larger area
of the sample is illuminated, resulting in a speckle size corresponding roughly to the size
of one spatial detector channel. For reasons that will be detailed in Chapter 2, such a
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procedure leads to improved XPCS signal-to-noise levels.
1.3 Hard-Sphere Suspensions as Complex Fluids
Dispersions of spherical particles with effectively hard-sphere interactions are the simplest
complex fluids. Prototypical systems include polymer and silica colloids with steric or
charge stabilisation. While the static behavior of these colloids closely resembles that of
simple liquids, their dynamics shows significant differences: particle motion is diffusive
rather than ballistic, and, in addition to direct interactions, the particles experience hydro-
dynamic coupling to near neighbors via disturbances in the suspending medium.
These hydrodynamic interactions play an important role for diffusion, although they
do not affect the static structure. Indeed, the principal obstacle preventing a detailed the-
oretical understanding of the dynamics in concentrated hard-sphere colloidal suspensions
remains the difficulty of fully treating near-field many-body hydrodynamic interactions. It
is in this light that the above findings on hard-sphere colloids may be included in a thesis
on complex fluids. Moreover, our particular colloid system, a suspension of polystyrene
latex spheres in glycerol, provides an excellent model system for the polymer systems to
be presented thereafter. Both systems are very similar in their characteristic length and
time scales. These similarities allowed us to optimize the data reduction technique on the
colloidal data before studying dense polymeric systems. Optimizing the data reduction al-
gorithm on colloidal data is preferable since the colloidal system exhibits a significantly
larger scattering cross section than the polymer blend.
1.3.1 XPCS Data on Hard-Sphere Colloids
This thesis presents XPCS measurements of the dynamics and structure of concentrated
suspensions of charge-stabilized polystyrene latex spheres dispersed in glycerol, cooled to
a temperature of -5°C [75]. Suspensions of varying particle concentrations were stud-
ied, with polystyrene volume fractions ranging from almost the dilute limit to the onset of
crystallization, = 0.027-0.52. The static structures of the suspensions show essentially
hard-sphere behavior. The short-time dynamics shows good agreement with predictions for
21
-__I _I_* ~l·_l -ll~lLI~ -I I -
the wavevector-dependent collective diffusion coefficient [9]. However, the intermediate
scattering function is found to violate a scaling behavior found previously for a sterically
stabilized hard-sphere suspension [114].
Notably, the concentrated latex samples we studied were opaque. The successful ap-
plication of XPCS to this colloidal suspension thus renders the strengths of the technique
apparent. XPCS is capable of characterizing the mode structure, Ds(Q), of opaque sys-
tems, and moreover of supplying the static structure factor, S(Q), over a wide range in
reciprocal space, even for concentrated samples. The suspended particles have a radius of
about 67 nm, and the time constants of their dynamic behavior are found to range between
tens of milliseconds and several seconds.
1.3.2 Data Acquisition Procedure
Since x-rays constitute an ionizing radiation, the potential exists for damaging the samples
under study by irradiation. In fact, during the early stages of the colloid experiments, one
would observe that after samples had been exposed for a time exceeding several hours,
the measured correlation times did not reproduce those obtained at the beginning of the
period of x-ray exposure. The decay rates were observed to slowly increase with increasing
duration of x-ray exposure. We attribute this behavior to slow x-ray damage of the glycerol.
The static scattering remained unchanged throughout.
The solution to this problem turned out to be straightforward. The requirement of using
coherent x-rays for XPCS limits our beam size to tens of microns. It follows that we need
to move the sample only a few tens of microns to reach a part of the sample that has never
been exposed to the direct x-ray beam, and therefore has not suffered any damage due to
radiation. The data acquisition was thus broken up into several image sequences, each
sequence representing scattering patterns from new parts of the sample. In this way, the
decay rates were found to be reproducible. Similarly, the same procedure was found to be
successful when applied during the data acquisition on homogeneous homopolymer blends.
The successful interpretation of colloidal data in terms of a well-established theoretical
framework provided further corroborative evidence that the technique of XPCS as such
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is well-understood, and that the experimental setup performs as expected. This situation
provided the grounds for applying the technique to more complex systems. In particular,
this line of research continued with investigations of the microscopic dynamics in entangled
homopolymer blends.
1.4 Dynamics of Homopolymer Systems
On the macroscopic scale, many polymeric liquids show a remarkable dynamical behav-
ior which is quite different from that of ordinary liquids [44, 122]. They respond elasti-
cally at short times, but flow, albeit with very high viscosity, at long times. This so-called
"viscoelastic" behavior is well-characterized experimentally. By contrast, experiments to
study the underlying microscopic dynamics of polymeric liquids have proven difficult. The
principal objective of this project is to explore and characterize the nanoscale collective dy-
namics of a dense polymeric system. In particular, this thesis seeks to examine the motions
occurring on length scales from about 30 to 100nm a in a homogeneous homopolymer
blend.
Several considerations motivate studies of the dynamics of long-chain, entangled poly-
mer blends. Because the collective dynamical behavior depends on the underlying dynam-
ics of single chains, studies of blends represent a vehicle for learning about the motion
of individual polymers on length scales comparable to their radii of gyration. The vis-
coelasticity of long-chain polymer liquids arises because of entanglements, which create a
transient elastic network. A question of fundamental importance to polymer physics is how
this transient network relaxes. Many of the viscoelastic properties of long-chain polymer
liquids can be understood on the basis of the reptation model of polymer dynamics [44].
This thesis presents data on the intermediate scattering function of a homopolymer blend
in which one can interpretatively recognize reptative features.
1.4.1 Two Fundamental Time Scales
The reptation hypothesis [37, 43] stipulates that a single polymer can be treated as confined
within a tube whose boundaries are construed as the microscopic entanglements with the
23
Figure 1-3: An illustration of the tube concept in the reptation model. The upper part of
the graph shows a single chain in an entanglement network. The lower part shows the
corresponding tube of spatial confinement. Drawing taken from Ref. [86].
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surrounding chains. This concept is illustrated in Fig. 1-3, which is taken from Ref. [86].
The upper part of the graph shows a single chain in an entanglement network. The lower
part shows the corresponding tube of spatial confinement. The entanglements pose transient
topological constraints on each chain [47], forcing its dominant large-length-scale motion
to be a creep along the tube's curvilinear path. So if a high-molecular-weight polymer in its
melt were to move very far in a direction perpendicular to its own path, it would necessarily
entangle with and drag along neighboring chains. As a result, this motion will experience
a large resistance. On the other hand, motion along a tube surrounding the curvilinear path
of the polymer in question - reptation - will be relatively unhindered, and will therefore
dominate the diffusion of the polymer.
Figure 1-4: An illustration of creep motion within the tube of spatial confinement. An accu-
mulated chain section slides along the contour of the chain. Drawing taken from Ref. [40].
Nevertheless, diffusion by reptation is dramatically slowed down compared to ordinary
diffusion since the three-dimensional center-of-mass motion of the polymer coil is confined
to proceed along a one-dimensional, randomly oriented, transiently existent path. The
underlying motion itself might be envisioned as an accumulation of a stored length, which
is subsequently moved along the contour path of the chain, through the tube. This process
is illustrated in Fig. 1-4. In order for the polymer to diffuse a distance equal to its radius,
each of its constituent monomers must diffuse a distance equal to the contour length of the
polymer. In fact, entanglement effects come into play only if the number of statistically
independent chain units, N, is larger than the average interval between entanglement points
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along the chain, Ne [38]. The fundamental time scale of the reptative decay is set by the time
necessary for a single chain to completely creep out of its tube of initial confinement. After
this interval, denoted by td, the chain in question has relaxed all of its initial topological
entanglement constraints. The interval d, representing the longest relaxation time in an
entangled melt, is therefore referred to as the "disentanglement" time.
Figure 1-5: An illustration of Rouse relaxation in the confining tube. The polymer chain
is modelled as a sequence of beads and springs, describing the Rouse relaxation. On the
Rouse time scale, t0, the transient tube structure remains unchanged. On time scales cor-
responding to the disentanglement time, Td, the tube structure itself decays. Drawing taken
from Ref. [42].
The reptative creep of the chain along its confining tube is ultimately driven by the
Rouse relaxation [101] of the chain, leading to the release of old, as well as the creation
of new tube constraints, at the chain ends. The Rouse relaxation spectrum, in turn, can
be derived on the basis of a bead-spring model for polymer chains [42]. The fundamen-
tal time scale of the Rouse model, to be denoted as , is traced back to thermally driven
random forces governing monomer motions. In particular, the Rouse model of the dy-
namics of a polymer melt assigns a friction coefficient to a given polymer molecule that
is equal to the product of a monomer friction coefficient, , and the polymerization index,
N, of the polymer in question. The longest relaxation time of the Rouse spectrum, to, is
significantly smaller than the disentanglement time, td, which specifies the lifetime of the
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confining tube. Considering both the ordinary diffusive modes on small length scales and
the slow diffusion process governed by entanglement effects on larger length scales, poly-
mer physics predicts that Rouse model and reptation model are complementary descriptions
of polymer dynamics. For polymers with polymerization index N < Ne, or for long-chain
molecules examined on short length scales, the polymer behaves as if in a highly viscous
liquid, conforming to the Rouse model of polymer dynamics [101]. For large-length-scale
motions of polymers with N > Ne, it is believed that the dynamics is governed by reptation.
Fig. 1-5 from Ref. [42] illustrates this physical picture of polymeric relaxations. The
figure displays a polymer chain modelled as a sequence of beads and springs. On the Rouse
time scale, to, the transient tube structure remains unchanged. However, on time scales
corresponding to the disentanglement time, Td, the tube structure itself decays reptatively.
Fig. 1-5 may also be used to illustrate how the amplitude of the different modes depends
on the length scale probed. Once length scales smaller than the tube diameter are probed,
Rouse relaxation will become more dominant, while the reptative decay modes are believed
to dominate the relaxation on larger length scales. Correspondingly, the amplitude of the
long-time, reptative decay mode observed in XPCS experiments is expected to decrease
with increasing wavevector.
1.4.2 Previous Experimental Findings
Several macroscopic observations support this picture. First, the Rouse model predicts
that the macroscopic viscosity of a polymer melt is proportional to the polymer molecu-
lar weight, and that the shear stress relaxation modulus, G(t), of a polymer melt varies as
G(t) _ t - / 2. These behaviors are indeed observed for polymers of sufficiently low molec-
ular weight. Overall, the viscoelasticity observed in polymer melts [47] can be explained
by the Rouse model if the molecular weight is sufficiently small that entanglement effects
are not important, but more closely follows the behavior predicted for reptation dynamics
for large N. Evidence for reptation in polymers of large molecular weight comes from stud-
ies of polymer diffusion, where it is found that the macroscopic diffusion constant varies
approximately like N - 2 for N > Ne, as predicted for reptation, and as N-' for N < Ne, as
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expected for the Rouse model [68, 74].
Direct evidence that the motion in entangled polymer systems occurs via reptative mo-
tion along a tube defined by the original path of the polymer comes from fluorescence
microscopy studies of fluorescence-labelled DNA. A polystyrene sphere of 1 um diameter
was attached to one end of a DNA chain, which was then pulled through a concentrated
solution of unlabelled DNA by means of optical tweezers [86]. A sequence of images illus-
trating the ensuing relaxation process is shown in Fig. 1-6. On the second panel from the
left, the labelled DNA chain is stretched by the external force due to the optical tweezers.
In the panels further to the right, one observes how the chain relaxes along the path it had
already occupied. The model's assumptions have similarly been substantiated on microm-
eter length scales in fluorescence microscopy studies of actin filaments [66]. In addition,
the ramifications of the reptation hypothesis have been confirmed in interdiffusion experi-
ments [102], and computer simulations have given evidence of a crossover from Rouse to
reptation dynamics at long times [70].
A discrepancy with the classical reptation model is found in the N-dependence of the
viscosity of long-chain polymers, which is experimentally observed to vary as N 3 4 . This
result stands in contrast to the prediction of the original reptation model, according to which
both the viscosity and the disentanglement time should vary as N 3 [13]. It is believed
that this discrepancy originates in the existence of a relaxation process which is faster than
reptation, but which becomes less important as N becomes larger. A candidate for these fast
relaxation modes are contour length fluctuations of the chain, where the end of the polymer
fluctuates back into its confining tube. Recently, this idea has been made concrete by
constructing a quantitative theory of stress relaxation in long-chain polymers that contains
relaxation modes due to both reptation and contour-length fluctuations [77]. The theory
predicts a viscosity that scales with N 3 -4 over a large range of N, crossing over to a cubic
dependence at exorbitantly large N. Thus far the latter regime has, to our knowledge, not
been accessed experimentally.
It has proven extremely difficult to observe reptative diffusion microscopically. Neutron
scattering in conjunction with the method of deuterium labelling, which has been highly
successful in characterizing the static structure of polymer melts and blends [59], may
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Figure 1-6: Direct evidence for the existence of the confining tube, using fluorescence mi-
croscopy studies of fluorescence-labelled DNA. Attached at one end of the labelled DNA
chain is a polystyrene sphere of 1 Jim diameter. The labelled chain is entangled in a con-
centrated solution of unlabelled, like chains. In the second panel from the left, the labelled
DNA chain is stretched by means of optical tweezers pulling on the polystyrene sphere.
In the panels further to the right, the chain relaxes along the path it had already occupied.
Image taken from Ref. [86].
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also be used to investigate the dynamics of polymeric systems by means of the NSE tech-
nique [60, 100, 109]. However, the time domain accessible with this method (1-200 ns)
stands in contrast to the slow relaxations present in entangled polymer systems, which can
easily exceed seconds. On the other hand, optical photon correlation spectroscopy gener-
ally provides access to length scales larger than individual chains. The only unambiguous,
microscopic evidence for the reptative process is the existence of an entanglement length
in melts which becomes apparent in NSE measurements. Yet even this fact permits only an
indirect inference to reptative diffusion. Conspicuously lacking is a microscopic measure-
ment of the intermediate scattering function of an entangled system, that extends to times
beyond the plateau separating the elastic from the viscous regime.
The behavior of the dynamic structure factor in neutron scattering, which generally
probes motion on smaller length scales than the entanglement length or the tube diameter,
appears to be well-described by the Rouse model. Recent NSE data are shown in Fig. 1-
7. Plotted is the intermediate scattering function of an entangled polymer melt [109].
The intermediate scattering function appears to decay on a time scale on the order of
50ns. The data characterize the decay of density correlations due to Rouse modes [101].
For all wavevectors shown, the intermediate scattering function apparently approaches a
wavevector-dependent plateau. This finding is not surprising since the lifetime, d, of the
confining tube is predicted to follow a power-law dependence on N with an exponent larger
than three. By contrast, the fundamental rate of Rouse relaxation, '0, is only expected to
scale as to N 2.
Especially for long polymer chains, the discrepancy in scaling between these two fun-
damental time constants leads to a stagnation in the decay of the intermediate scattering
function, S(Q, t), between Rouse time scales of order to and reptative time scales of order
td. The plateaus in the intermediate scattering function of Fig. 1-7 provide evidence for
this picture, and for the existence of an entanglement distance. A numerical value for the
entanglement distance, d, can be extracted from the wavevector dependence of the plateau
in the intermediate scattering function, leading to values of d ~ 5 nm. Despite this apparent
success of the NSE technique, even the most recent of these measurements can only infer
the presence of the reptative decay indirectly, but do not probe the process itself over the
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Figure 1-7: Short-time, intermediate scattering function of an entangled polymer melt,
measured by the neutron spin-echo technique. The intermediate scattering function decays
on a time scale on the order of 50 ns, and approaches a wavevector-dependent plateau. Data
taken from Ref. [109].
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time scales on which it operates.
1.4.3 The Promise of XPCS
Missing, until now, has been a method to investigate the relaxation of spontaneous fluctu- 0
ations that develop in thermal equilibrium in these materials on length scales most charac-
teristic of their structure. One reason for this is that polymer motions can be extraordinarily
slow. Therefore, inelastic scattering techniques generally cannot resolve the miniscule en-
ergy changes involved. As has become apparent in Fig. 1-7, even the highly sophisticated
NSE technique is unable to achieve sufficiently long times to study many important fea-
tures of polymer dynamics. On the other hand, light scattering is only able to determine
dynamics on length scales greater than about 1 m, many times larger than typical length
scales encountered in polymeric liquids. By using the emerging technique of XPCS, we are
in principle in the unique position to study reptative dynamics on the microscopic length
scales on which it operates, and over the long, characteristic time intervals expected.
The physical quantity measured by the XPCS technique is the intensity time-autocorre-
lation function, g2 (Q, t). Fig. 1-8 illustrates the expected shape of the autocorrelation for a
prototypical, entangled polymer system, as a function of wavevector. The presence of both
a fast Rouse relaxation spectrum and a slow reptative decay spectrum leads to the appear-
ance of two distinct decay steps in the correlation function. In the time domain, they are
located in the vicinity of the fundamental Rouse time, To, and of the disentanglement time,
t;d. For the graph shown, the optical contrast, = Prouse + rept, was arbitrarily chosen to
equal 0.20. The quantities Prouse and Prept denote the amount by which the intensity auto-
correlation decays as a result of Rouse modes and reptative modes, respectively. The NSE
technique probes the time domain up to the onset of the plateau, while the XPCS technique
is capable of characterizing the plateau and its decay beyond. XPCS measurements allow
one to determine both the optical contrast, 13, and the contrast available for the reptative de-
cay, Prept. This renders the amplitude of the reptative decay, given by Arept ' (Prept/P) 1/2, a
physical observable. Fig. 1-8 illustrates how the amplitude of the long-time, reptative decay
mode observed in XPCS experiments is expected to decrease with increasing wavevector.
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Figure 1-8: Expected shape of the intensity time-correlation function for a prototypical,
entangled polymer system. The presence of both a fast Rouse relaxation spectrum and
a slow reptative decay spectrum leads to two distinct mode spectra. In the time domain,
they are located in the vicinity of the fundamental Rouse time, to, and the disentanglement
time, d. The wavevector dependence of the functional form is indicated. The optical
contrast, = rouse + Prept, was arbitrarily chosen to equal 0.20. The NSE technique probes
the time domain up to the onset of the plateau, while the XPCS technique is capable of
characterizing the decay of the plateau and beyond.
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The intermediate scattering function, S(Q, t), which can be constructed on the basis of
XPCS measurements, is predicted to assume a characteristic functional form for reptative
diffusion that is quite different from the one for ordinary diffusion [38, 39, 46]. Thus far, no
empirical data have been available for comparison to these theoretical expectations. More-
over, knowledge of S(Q, t) should potentially allow one to see a crossover from the Rouse
modes dominant within the tube, to reptation dynamics on larger length scales [39, 59, 109].
In terms of the momentum transfer in scattering experiments on entangled polymeric sys-
tems, this crossover leads to the expectation that there are two distinct mode spectra for
diffusion with wavevector-dependent strengths [39, 109]. For large wavevectors, the Rouse
modes should give rise to a noticeable decrease in the zero-time intercept of the inten-
sity autocorrelation measured by XPCS, and the observed intercept should correspond to
[rept (Q)-
1.5 Thesis Outline
This thesis is organized as follows. Chapter 2 describes the experimental apparatus used
to perform the measurements presented. In the same chapter, the procedures employed
for reducing sequences of scattering images to intensity time-autocorrelation functions,
g2(Q, t), are defined and discussed. This chapter on experimental methods and data re-
duction techniques is complemented by Appendix A, which introduces a model for the
coherence properties of the beamline. Chapter 3 presents both static and dynamic x-ray
scattering data on suspensions of polystyrene particles in glycerol, and provides the the-
oretical background for a quantitative interpretation of the data. Chapter 4 presents the
framework of the dynamic random-phase approximation (RPA), which is used in this the-
sis for modelling the dynamics of entangled homopolymer blends. The application of the
dynamic RPA to polydisperse systems is described in Appendix B. Chapter 5 then presents
static and dynamic x-ray scattering data on an entangled blend of poly(ethylene oxide)
and poly(methyl methacrylate). The thesis concludes with Chapter 6, which summarizes
the contents presented herein and provides suggestions for a sensible continuation of this
work.
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Chapter 2
Experimental Methods and Photon
Correlation Techniques
This chapter aims to provide information on both the apparatus and the calculational proce-
dures relevant to the measurements introduced in the remainder of this thesis. Accordingly,
the chapter's scope encompasses a detailed description of the synchrotron beamline used
for the XPCS experiments, but also contains an extensive discussion of the mathematical
analysis employed for the reduction of XPCS data. The chapter begins with a description
of Beamline 8-ID at the Advanced Photon Source in Argonne, IL, USA, to be found in
Section 2.1. This beamline has been employed for both the static and the dynamic x-ray
measurements presented in subsequent chapters. Further details on the optical characteri-
zation of the beamline coherence, which is crucial to the feasibility of XPCS experiments,
can be found in Appendix A.
An introduction to the advantages of multispeckle correlation of two-dimensional scat-
tering patterns is provided in Section 2.2. In the following, Section 2.3 reviews the quantity
measured by the XPCS technique. Section 2.4 details how we acquire time-resolved x-ray
scattering data, suitable for determining intensity autocorrelation functions. In Section 2.5,
we explain how to reduce these data to correlation functions, we evaluate the bias in the
correlation function estimators, and we discuss the trade-offs involved in performing az-
imuthal averages. In Section 2.6, we contrast the noise performance of different estimators,
and compare the measured experimental errors with theoretical expectations. The methods
35
_ ___
described in this chapter have been employed in a study of concentrated suspensions of
polystyrene spheres in glycerol [75], as well as in measurements on a homogeneous ho-
mopolymer blend of poly(ethylene oxide) and poly(methyl methacrylate). Both studies
will be presented in the remainder of this thesis.
2.1 Beamline Layout
The measurements described in this thesis were carried out at the MIT-McGill-IBM Insertion-
Device Beamline (8-ID) at the Advanced Photon Source (APS). Fig. 2-1 displays a schematic
of the source and the first optical enclosure of the beamline. The radiation source at 8-ID
is APS Undulator A [63], which is a 72-pole, 2.4-meter-long insertion device, located in
the downstream half of the 5-meter straight section of Sector 8. The energy range of the
undulator first harmonic spans 3-13 keV. For the present experiment the undulator gap was
set to 18.0mm, which places the first harmonic at a measured energy of E = 7.66 keV. The
measured FWHM bandwidth for the first undulator harmonic is AE/E = 0.026. The source
size is ox = 350 ,um in the horizontal and oz = 50 um in the vertical direction [25].
Radiation propagates to the beamline via a windowless differential pump. White-beam
slits are placed immediately downstream of the differential pump. Currently, the maximum
aperture of these slits is 275,um in both the vertical and the horizontal direction. The use
of such a small aperture limits the heat load on the downstream optics. The first optical
element is a horizontally deflecting mirror. The mirror is made from a polished single-
crystal silicon flat and its glancing-incidence angle is 2.6mrad. The top half of the mirror's
optical face is uncoated and the bottom half is coated with Pt, yielding critical energies
for total external reflection of 10keV and 30keV for the top and bottom, respectively.
The present experiment employed the uncoated part of the mirror. Undulator radiation
up to the critical energy is reflected from the mirror while radiation of higher energy is
absorbed by or transmitted through the mirror. Using a mirror as the first optical element
has several advantages. First, the heat load on downstream optics is reduced. Second,
the entire undulator spectrum up to 30keV can be delivered to downstream experiment
stations for experiments requiring very high photon fluxes. Third, radiation shielding in
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Figure 2-1: Beamline 8-ID at the Advanced Photon Source. A schematic of the source and
the first optical enclosure.
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downstream stations is facilitated.
A Ge(1 1 1) single-bounce monochromator crystal is located inside the first experimental
enclosure, a schematic of which is displayed in Fig. 2-2. The monochromator is separated
from the mirror vacuum by three polished beryllium windows, which are not indicated in
the figures. The monochromator selects a portion of the pink beam of relative bandwidth
3 x 10- 4 . Between two of the beryllium windows sits a nitrogen flight path, also not shown
in the schematic. The nitrogen section is used to monitor the intensity of the pink beam
by measuring the x-rays scattered by the gas with a PIN diode x-ray detector. Next, at a
distance 40cm upstream of the sample, a pair of precision crossed slits is used to select a
transversely partially coherent portion of the x-ray beam. The slit assembly is a custom
design which allows the slit blades to be entirely contained within vacuum. The slit blades
are made of 2 mm-thick tantalum, and their beam-defining edges are rounded and polished
to reduce parasitic scattering. The slits have independently adjustable openings in the hori-
zontal and vertical directions from about 1 um to 2 mm. Independent horizontal and vertical
apertures allow us to choose slit openings that best match the different transverse coherence
lengths produced by the very different horizontal and vertical source sizes. The resolution
and repeatability of the slit blades are approximately 0.2,um and 1Um, respectively. For
most of the measurements described in this thesis, we used 20 um slits in the horizontal
direction and 50 um slits in the vertical direction. A second, identical slit assembly located
10cm upstream of the sample serves as a guard to eliminate as far as possible parasitic
scattering from the beam-defining slits.
Samples are contained in a chamber that is integrated with the incident and exit flight
path, without making use of any windows. The sample temperature can be varied from
-30°C to 2000 C by means of a thermoelectric cooler and a resistive heater. Temperature
readout and control was by means of a thermistor and an Oxford Instruments tempera-
ture controller. For the experiments described in this thesis, we estimate the temperature
stability to be better than ±0.03°C, and the absolute precision to be ±0.2°C.
The detector we use is a Princeton Instruments direct-illumination CCD camera manu-
factured by Roper Scientific, Trenton, NJ. It contains an EEV Model 37, thermoelectrically
cooled CCD chip with a 1152 x 1242 grid of 22.5 /m-square pixels. It was located a dis-
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Figure 2-2: Beamline 8-ID at the Advanced Photon Source. A schematic of the first exper-
imental enclosure.
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tance Rdet = 5m downstream of the sample. The quantum efficiency of the detector for
x-rays of energy 7.66keV was about 20percent. Readout time between successive full-
frame exposures was either 1.6s or 3.2 s, depending on whether the detector's fast (12-bit)
or slow (16-bit) ADC was used. The CCD was protected from the direct x-ray beam by
a tungsten beamstop, which is mounted in vacuum on a motorized stage. By observing
the scattered intensity recorded by the CCD in real time, we are able to optimize the po-
sitions of the beam stop and of the guard slits so as to minimize the parasitic scattering.
The various apertures and distances in the beamline determine the wavevector resolution to
be about 7 x 10- 4 nm- 1 in the horizontal direction and about 4 x 10- 4 nm-1 in the vertical
direction.
When the first harmonic of the undulator spectrum is set to 7.66keV, the count rate
through a 2 0,um by 50,um aperture located 55 m from the source within a relative bandwidth
of 3 x 10- 4 , as after reflection from the Ge(1 11) monochromator crystal, is expected to be
about 4 x 1010 photons per second [63]. At 8-ID, the beryllium windows and the nitrogen-
containing beam intensity monitor attenuate the beam slightly. In addition, the mirror and
the monochromator do not achieve 100percent reflectivity. Consequently, with the above
slit settings the x-ray beam delivered to the sample at 8-ID contains about 2 x 1010 x-rays
per second at a synchrotron ring current of 100 mA.
In order for there to be a non-zero contrast in an XPCS measurement, it is necessary
to use a partially coherent x-ray beam. The coherence of a beam has two components:
transverse or lateral coherence, and longitudinal or temporal coherence. For a source with
an approximately Gaussian intensity distribution, the "one-sigma" transverse coherence
lengths at the sample are given by = XR//(2acr,) in the horizontal direction, and by
5 = XRt/(2nro) in the vertical direction, where X is the x-ray wavelength, and R' the source-
to-sample distance. At the Advanced Photon Source, the "one-sigma" Undulator A source
sizes are 6x - 350um and z - 50Oum in the horizontal (x) and vertical (z) directions,
respectively [25]. Noting that R' = 55m for the sample position at 8-ID, the transverse
coherence lengths can be estimated as 28 /tm in the vertical direction and _ 4 ,um in
the horizontal direction.
For a Lorentzian energy spectrum, the longitudinal coherence length of the beam is
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given by A, = n-'1 (E/AE), where E = 7.66keV is the energy of the x-ray beam, and AE
is the full width at half maximum (FWHM) of the spectrum. In fact, the numerical factor
relating the longitudinal coherence length to the spectral FWHM depends on the details of
the energy spectrum [52]. For the measurements described in this thesis, we employed a
Ge( 1) crystal monochromator, yielding AEIE _ 3 x 10 - 4 for the FWHM. In this case,
for the wavevectors of interest in this thesis, the optical path length difference between
x-rays scattered from different parts of the sample is much smaller than the longitudinal
coherence length, so that the bandwidth does not affect the speckle contrast. Although the
transversely coherent flux for a "pink" beam setup, which employs the entire undulator
first harmonic, is larger than that with a monochromatic beam, the concomitant increased
bandwidth considerably reduces the speckle contrast. In fact, the expected statistical noise
at larger scattering angles, where the scattering is weakest, is comparable for the two cases.
We preferred monochromatic beam for studies of soft-matter samples because of the re-
duced flux and correspondingly reduced risk of radiation damage.
The quantity measured in XPCS experiments is the normalized intensity autocorrelation
function, triangularly averaged over the accumulation time, T, and coarse-grained over the
pixel area, U 2. The effects of both averages are considered in detail in the remaining parts
of this chapter. For modelling the effects of the spatial average, one may introduce effective
coherence lengths [1], denoted by E and Z for the horizontal and vertical directions, respec-
tively. We obtain kR'/2c/ + U2R 2 /6Ret and Z _ XR'/2i 2 + U 2R'2/6R2et,
with Rdet referring to the distance between sample and detector. For the setup employed
in this experiment, one finds E - 4 ,um and Z _ 14 #m. When the spatial dimensions of
the beam illuminating the sample, denoted by L and M, exceed their respective coherence
lengths, as in the present case, the contrast can be expected to be well-approximated by
A (L/v/i- + 0.37)-(M/Z/ +0.37)-l. Inserting the parameters appropriate for the
data discussed in this chapter, we obtain an expected contrast of A - 0.13.
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2.2 Multispeckle Correlation Using an Area Detector
The use of an area detector can greatly improve the performance of photon correlation
methods. Two-dimensional detectors have often been praised as a means for drastically
improving signal-to-noise levels of acquired data. Equally important, they afford new
possibilities of data analysis which are difficult to match with single-channel correlators.
Specifically, when investigating isotropic systems, the azimuthal degree of freedom pro-
vided by an area detector can be utilized to yield ensemble averages without having to
rely on ergodicity. This approach to detection is therefore well-suited to investigations
of non-ergodic systems such as glasses and gels. In addition, area detectors allow one to
experimentally quantify the statistical uncertainties in the observed data by exploiting the
ensemble information contained in two-dimensional scattering images.
In this thesis, CCD-based photon correlation in the regime of short data batches, for
which the total duration of a measurement does not significantly exceed the coherence time
of the sample under study, is applied to the emerging technique of x-ray photon corre-
lation spectroscopy (XPCS) [19, 31, 41, 78, 123, 125, 129]. XPCS has become feasible
through the unprecedented brightness of new synchrotron sources, allowing one to probe
slow dynamics on microscopic length scales, and granting access to a previously unex-
plored region in the dynamic phase space of condensed matter systems. XPCS applies the
principles of dynamic light scattering in the x-ray regime. A sample is illuminated by a
partially coherent x-ray beam, with the result that there are fluctuations in the scattered
intensity as a consequence of interference among the fields scattered by different particles.
The time-autocorrelation function of such speckled scattering patterns yields the character-
istic relaxation times of the sample [12, 29].
Optimizing a data reduction procedure for XPCS data poses a substantial challenge
since XPCS measurements are much more challenging - have much poorer signal-to-noise
levels - than laser PCS measurements. This is because coherent x-ray beams contain fewer
photons than laser beams, and because the scattering cross section for x-rays is smaller
than that for optical photons. CCD-based area detectors, comprising about 106 pixels,
possess the spatial resolution required to resolve x-ray speckle. This detection scheme
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therefore allows data to be acquired from many speckles (coherence areas) simultaneously,
and offers the possibility of mitigating the difficulty posed by the small photon count rates
encountered in XPCS measurements [41, 78, 129]. Combining this advantage with the
benefits of the ensemble information afforded by a two-dimensional detector, it becomes
clear that XPCS constitutes the paradigm case where the use of an area detector should
enable a fundamental improvement in data quality over what would be possible by use
of a single detector channel. As noted above, however, multi-channel detection possesses
additional advantages, so that CCD-based correlation schemes have also been developed
and refined for laser PCS measurements [32, 138].
The short wavelength and long time scales characteristic of XPCS promise to extend
the phase space of scattering studies beyond some of the limitations which hamper light
and neutron scattering experiments. Consequently, XPCS has the potential to become an
important technique with a major impact on our understanding of the slow dynamics of
condensed matter. In particular, XPCS is naturally matched to studies of the dynamics of
polymer blends and dense colloidal suspensions. For polymer blends, the length scales
of most interest are generally set by the polymer radii of gyration, which are typically a
few hundred Angstroms, quite accessible to x-ray measurements. At the same time, the
relevant time scales are quite slow - up to several seconds - as a result of the entangled
motions of individual polymer molecules. In concentrated suspensions, multiple scattering
of light often renders the simultaneous characterization of the dynamic mode structure and
the static correlations very difficult even in special cases where near-perfect refractive-
index-matching is possible. By contrast, multiple scattering is generally negligible in the
x-ray regime.
Previously, the use of slow-scan CCD cameras has limited the data acquisition rate
to about one image per second, similarly limiting the minimum time scale that can be
probed. In this chapter, we describe how to partially overcome this limitation and to achieve
data acquisition on a 30ms time scale, while at the same time probing many speckles
simultaneously. In addition, we characterize the noise of the XPCS data acquired, and
compare the measured noise level to what may be expected theoretically.
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2.3 X-Ray Photon Correlation Spectroscopy
The principles of photon correlation specroscopy are well established [29]. A sample is
illuminated coherently, resulting in a random speckle pattern which varies in time as the
sample undergoes thermal fluctuations. The time-autocorrelation of the speckle pattern
yields the characteristic times of the sample. In this section, we will briefly review the
physical quantity that is measured by XPCS, and will then describe our standard data ac-
quisition scheme.
2.3.1 The Measured Quantity
XPCS measures the normalized intensity-intensity time-autocorrelation function, g2(Q, t),
defined as
(I(Q,t) )2
Here, I(Q,t') refers to the scattering strength at the momentum transfer vector Q in re-
ciprocal space at time t', and the brackets (-.-) refer to averages over time t'. The quan-
tity t denotes the delay time. We will only be considering isotropic samples in this the-
sis, and will ultimately only calculate correlation functions as a function of the magni-
tude of the wavevector, Q. The function g2(Q,t) is related to the normalized interme-
diate scattering function, f(Q,t), of the sample via g2(Q,t) = 1 +A f 2 (Q,t), where A
denotes the speckle contrast and where the intermediate scattering function is given by
f(Q,t) = S(Q,t)/S(Q,O). The optical contrast, A, is a sample-independent beamline pa-
rameter. The optimization of the beamline characteristics, ensuring that the optical contrast
is finite at reasonable count rates, is discussed in Appendix A, and the beamline layout has
already been presented in Section 2.1.
In addition to performing a spatial integration over the pixel area, the effects of which
are discussed and quantified in Appendix A, the CCD also collects photon events over a
finite accumulation time, T. In this context, it is helpful to consider the case that the sample
dynamics follows a single-exponential decay. The corresponding autocorrelation function
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is
g2(t) = 1 Ae 2 t , (2.2)
where F denotes the relaxation rate of equilibrium fluctuations. Integrating the photon
count rates over time corresponds to triangularly averaging the instantaneous correlation
function,
1 T/2 T/2+t
g2 (t,T) = dt' dt/2 (t t T) . (2.3)
For the single-exponential case considered, Eq. (2.3) is straightforward to evaluate, yield-
ing [65, p. 106]
sinh2 Tt
g2 (t, T) = +A T e2t. (2.4)
This result implies that a correlation function given by a single-exponential decay is not
distorted by an integration over a finite exposure time. Instead, the effect of the time integral
can be accounted for by introducing an optical contrast, AT, which is dependent on the
exposure time. We find that
sinh 2 FT
AT =A 2T2 (2.5)F 2 T
For all of the data presented in this thesis, it will turn out that FT << 1, so that AT "
A. It may be noted that the invariance of a single-exponential correlation function under
triangular averaging in the time domain presents a rather special case. More generally,
distortion does take place to some degree, as discussed by Jakeman [65]. The conclusion
of this section is that the quantity measured by XPCS can be expressed as
g2 (t,T) = 1 +A f 2 (Q,t) , (2.6)
where A depends on the source and the beamline setup, in a fashion that is in principle
understood (Appendix A).
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2.3.2 Experiments on a Colloidal Suspension of Polystyrene Latex in
Glycerol
We will illustrate the data reduction technique presented in this chapter by reference to
measurements on a dense system of hard-sphere colloidal polystyrene particles suspended
in glycerol [75]. A detailed description and interpretation of the equilibrium fluctuations in
this system will be postponed to Chapter 3.
To prepare the sample, an aqueous suspension containing polystyrene latex particles
with a nominal radius of 71 nm was purchased from Duke Scientific. The nominal col-
loidal volume fraction was 0.10, with a relative standard deviation in radius quoted to be
0.025. A known weight of the manufacturer-provided suspension was mixed with a known
weight of glycerol. The water was then removed by evaporation, under vacuum, leaving
the polystyrene spheres suspended in glycerol with a sphere volume fraction of q = 0.28.
Because of strong opacity, due to multiple scattering, it would be very difficult to carry out
light scattering studies of the dynamic mode structure and static correlations in this sample,
even using the two-color technique [113].
In a dilute suspension of colloidal particles, the diffusion equation can be expected
to provide a good description of the collective dynamics, predicting that the normalized
intermediate scattering function decays exponentially in time,
f(Q,t) = e - 1 . (2.7)
In the case of simple Brownian dynamics, one finds F = DoQ2, where Do = kBT/6nrlR
refers to the diffusion coefficient, R to the radius of the diffusing particles, and rl to the
viscosity of the suspending fluid. Up to volume fractions as large as 4 = 0.28, the interme-
diate scattering function is well-described by a single-exponential decay, but the wavevec-
tor dependence of F is modified through the effect of interparticle interactions. In view of
Eq. (2.6), we thus expect the application of XPCS to our reference suspension to yield a
correlation function of the form given by Eq. (2.2). For the x-ray measurements, the sam-
ple was mounted in an evacuated, temperature-controlled sample chamber and cooled to a
temperature of -5°C.
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Figure 2-3: Kinetics mode geometry on the detector area. Abscissa and ordinate index the
spatial detector channels along the two perpendicular axes of the full CCD chip. The rect-
angles define scattering images linearly displaced in time. The first rectangle identifies the
detector area illuminated by scattered photons. The circle indicates the origin of reciprocal
space, relative to slice number 2. Slices numbered from 2 to 22 are used for data reduction.
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2.4 Data Acquisition in Kinetics Mode
Although we collect x-ray scattering data at Beamline 8-ID with a camera that requires a
readout time of 1.6 s, we can achieve data acquisition on a 30ms time scale, by means of the
kinetics mode feature of our camera [33]. Kinetics mode enables measurements of intensity
autocorrelation functions on time scales much shorter than the full readout time of the CCD.
Specifically, kinetics mode allows us to rapidly take multiple - 21 in the present example
- successive exposures of programmable duration, using only a fraction (ideally 1/21) of
the CCD area for illumination, and thus for data acquisition. The previously illuminated
CCD image is subsequently shifted electronically into the unilluminated parts of the CCD
area for interim storage. The partial images (hereafter to be termed "slices") are read
out as a full CCD "frame" after the acquisition of all 21 slices. In doing so, we have
effectively traded a sequence of large images with poor time resolution for a sequence
of smaller images with improved time resolution. The interval between slices is typically
50 us. Several sequences of 30 to 100 kinetics mode frames are acquired, yielding improved
signal-to-noise levels for short-time, slice-to-slice intensity autocorrelations. In addition,
we may calculate long-time, frame-to-frame autocorrelations. Several such measurements
with different slice exposure times then permit us to construct intensity autocorrelation
functions spanning several orders of magnitude in time.
For the experiments reported here, we used exposure times of 30, 100, 300, and 1000 ms
to build intensity autocorrelation functions that span delay times from 30ms to more than
100s. Shown in Fig. 2-3 is a typical CCD image obtained with kinetics mode, acquired
while studying the colloidal suspension introduced above. In this particular setup, a total
of 21 slices per frame - the ones numbered from 2 to 22 - were used for data reduction.
It may be noted, however, that a reduction of the present CCD readout time would re-
alize a very major improvement in the signal-to-noise levels of the measured correlation
functions. The interval required for readout amounts to a dead time in detection. For expo-
sure times in the range of 30ms, a readout time comparable to 30ms would easily increase
the overall data acquisition rate by an order of magnitude beyond the present situation. This
conclusion can be illustrated by reviewing the data acquisition scheme described above: in
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Figure 2-4: Static scattering cross section of polystyrene latex particles suspended in glyc-
erol with a volume fraction of - = 0.28. The second ordinate denotes the average number
of photons detected, ii, over an exposure time of T = lOOms. The vertical bars indicate
intervals in reciprocal space over which coarse-graining is performed as part of the kinetic
analysis.
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order to obtain 21 effective slices, we would ideally take 21 slice exposures of 30 ms accu-
mulation time, followed by a readout interval of 1600ms. This implies that the total time
required for the acquisition of a single full CCD frame would amount to 2230ms, more
than 70 percent of which would correspond to dead time due to detector readout. A single
pixel on this CCD would have been exposed to radiation for 30ms. If we were able to
perform an instantaneous CCD readout, we could acquire an entire CCD frame over a time
period of 30ms, thus improving the data acquisition rate by a factor of about 74. More
importantly, the latter data would cover a larger area in reciprocal space, since the number
of pixels exposed to radiation within a single 30ms exposure would have been increased
from that of a slice to that of a full frame. There is no doubt that such an improvement in
data acquisition rate and reciprocal space access would enable us to examine the dynamics
on 30ms time scales in systems that scatter many times less than can be studied at present.
This observation points to the major improvements in XPCS that can be expected to follow
from improvements in detector technology.
2.5 Reducing Scattering Data to Time-Autocorrelation
Functions
In this section, we describe how to obtain intensity autocorrelation functions from time-
resolved images of the sort shown in Fig. 2-3. Our calculational approach will be illustrated
by considering a specific data set: 30 frames of data, each consisting of 21 effective slices,
each with an exposure time of 100ms. The scattering cross section evident in these data is
shown in Fig. 2-4. The solid angle subtended by the pixel area equals 52 = 2.0 x 10-11
steradians. The sample thickness was about 1 mm, corresponding to roughly one x-ray
attenuation length, and the detector efficiency is about 20 percent. Comparison of the
measured count rate to the cross section then implies that the incident count rate for these
measurements was about 1.5 x 1010 x-rays per second, consistent with our expectation
based on the undulator brightness.
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2.5.1 Averages
The analysis described below will make use of averages over three different parameters.
(1) Time averages over data frame sequences will be indicated by (- . . (2) Azimuthal
averages, to be denoted by .--, make use of the circular symmetry of the smoothed scat-
tering pattern from an isotropic sample. While our experimental method is not restricted
to isotropic samples, only those will be considered in this thesis. It should be stressed that
the appearence of speckle per se breaks the azimuthal symmetry of single scattering pat-
terns recorded by an area detector. Only long-time averages exhibit azimuthal symmetry.
(3) Spatial averages over subregions of pixels on the detector area - or equivalently over
finite-sized regions in reciprocal space - are used as natural generalizations of azimuthal
averages either as a means of reducing the noise levels on our data, or as a means of ex-
cluding specific detector sections from the analysis which happen to be contaminated with
parasitic scattering. These spatial averages will be indicated by avgR( ... ), where R denotes
the subregion of pixels to be included in the average.
2.5.2 Pre-Processing of Images
Scattering patterns are retrieved from the CCD detector as a time series of two-dimensional
arrays, each resulting from exposing the detector to scattered radiation for a preset ac-
cumulation time denoted by T. For notational brevity, we refer to this digitized signal
as #raw(q, j), omitting explicit mention of the exposure time or pixel area. We note that
Mraw(q, j) is a two-dimensional array of integer numbers measured in analog-to-digital
units (ADUs). The vector q = (q, qy) contains integer pixel positions indexing a grid
of U = 22.5 um unit spacing, and the index j labels time steps with an equidistant spacing
of St, which is the time separating subsequent bins that are to be correlated. When cor-
relating full CCD frames, for example, t refers to the time needed to acquire, digitize,
and store one frame of data. In the more complicated case of employing kinetics mode,
we have two different fundamental delay times: the delay time between slices, which is
roughly equal to the slice accumulation time, T, and the delay time between correspond-
ing slices on subsequent frames, Tfr. In the latter scenario, the slice-slice correlations are
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performed independently of the frame-frame correlations, so that in every one of these two
calculations, we are dealing with a single fundamental delay time 8t only.
In addition, we acquire a sequence of CCD images in the absence of detector illumina-
tion, all other parameters being equal. This sequence of "dark patterns" is averaged across
frames, yielding the single array D(q). We also determine the standard variation of the dark
pattern through time, similarly yielding a single, two-dimensional array, denoted as o(q).
The dark pattern D(q) exhibits significant variations as a function of q, and is subtracted on
a pixel-by-pixel basis from every scattering pattern acquired. In contrast, oo(q) exhibits
much smaller spatial deviations of about 15 percent. Its spatial average over the entire
CCD area, aDO = avgCCD oD(q), is of the order of 1.4ADU for our 12-bit analog-to-digital
converter (ADC). We employ this characteristic measure of the dark noise to perform a
lower-level discrimination on the background-corrected detector signal, ,raw(q, j) - D(q).
All detector channels for which this difference is smaller than 4 x oDo are set to zero, for
all others the difference is left unaltered. The result of performing this operation on all
acquired data frames is the array sequence tt(q, j), representing the integral of the scattered
intensity over the exposure time, T, and the pixel area, U2 , at time index j. The autocor-
relation of this sequence will provide us with information on the relaxation times of the
sample.
If the exposure time, T, during which each scattering pattern is acquired is smaller than
the microscopic relaxation times, r, of the sample, we will observe a speckled instance of
the scattering function. The goal of our analysis is to determine the variation of the normal-
ized intensity autocorrelation function, g2, versus time from a sequence of such speckled
patterns. This procedure is in principle well-known from the analysis of laser light scatter-
ing [12, 24, 291. Here, however, we must meet the challenge of the low photon count rates
encountered in XPCS measurements, and aim to perform the analysis for a range of scat-
tering wavevectors simultaneously. Moreover, unlike in usual dynamic light scattering ex-
periments, our data analysis takes place in the regime of short data batches [83], for which
the total duration of the experiment is not significantly larger than the longest relaxation
time of the sample. The procedure presented allows a direct experimental quantification of
the uncertainties involved in the measurement.
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2.5.3 Symmetric Normalization
The first step of the analysis is to evaluate an estimator for the correlation function g2
separately for each pixel of the exposed CCD area. In fact, we will present two different
approaches to accomplish this. The crucial difference between the two lies with the differ-
ent normalization schemes employed, resulting in different noise performances for the two
cases. In this subsection, we introduce the symmetric normalization scheme [87, 110, 111,
112], which leads to noise levels lower than those obtained with the standard normalization
scheme, to be described in the next subsection.
The temporal autocorrelation function for a pixel at wavevector Q = (Qx, Qy) is given
by
1 N-k
G2 (Q, k) = N-k (Q, n) (Q, n + k), (2.8)
n=l
where N is the total number of time steps, and k is the delay argument in number of time
steps. The wavevector of a pixel with index (q, qy) is given by
Qx = 2nU qx - PxI/(Rdet ,) ,
where (Px, py) is the incident beam pixel, Rdet is the distance between the sample and the
detector, and X is the x-ray wavelength. A similar relationship holds for the transformation
between qy and Qy. The average momentum transfer within the subregion Ri is then simply
Qi= avgRi / +. (2.9)
The symmetric normalization scheme makes use of two independent time averages,
1 N-k
~left)(QO k) = N- (,n) ,(2.10)
n=l
as well as
riht1 N
(#right)(Qk)= Nk E ,(,n), (2.11)
n=k+l
which depend on k, rendering any further correction for overall intensity fluctuations in
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time unnecessary. The normalized autocorrelation function, g2 (Q,k), is then given by
g (k) G2 (Q,k)(2.12)
g2 Q,k= Qleft)(Ok) tright)( ,2k)
To derive gm( ,t) in the time domain, we use the relationship t = k t. This method
represents our routine scheme for reducing raw scattering data to intensity time-correlation
functions.
2.5.4 Standard Normalization
A more intuitive approach for obtaining an estimator for the normalized time-correlation
function might be based on using [83]
= N
(8(Q)) = (on)
n=l
as an unbiased estimator of the mean intensity. However, in a typical synchrotron exper-
iment, one expects the gradual decay of the electron current in the synchrotron to lead to
an overall decrease of the count rate with time, affecting data at all scattering angles si-
multaneously. Compensation for the current decay may sensibly be accomplished via a
renormalization of the intensity in a given pixel at a particular time, achieved through divi-
sion by the scattering integrated over the entire CCD area at that time. However, because
parasitic scattering can sometimes change during the course of a time series but usually
affects only one or two subregions, predominantly those at small scattering angles, it is
preferable to choose a wavevector-dependent normalization of the form:
(i)(O j) ((2 j) avgRi (8(Q)) (2.13)
avgRi,( , j '
where it is understood that Q lies inside the subregion Ri. Using Eq. (2.13), the effects of
parasitic scattering will remain restricted to a limited number of data subregions.
With (i) (, j), we have constructed the quantity whose temporal autocorrelation G2 (, k)
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we aim to calculate. Reminiscent of Eq. (2.8), we can write
1 N-k
G2(Q,k) = N-k ,(i)(Qn) (i)(Qn+k) ' (2.14)
n=l
Subsequent normalization with the time-averaged scattering pattern yields an estimator for
the normalized intensity time-autocorrelation function that we intended to measure:
gstd (Q k) = G2(Q, k) (2.15)92 (Q, ]
The relationship
avgR i (A(i)(Q)) = avgR ((Q)) (2.16)
justifies this particular choice of normalization. Finally, we employ the relationship t = k 8t
for obtaining gtd ( , t).
2.5.5 Varying the Effective Accumulation Time in Kinetics Mode:
Pre-Averaging Slices
The statistical bins which we correlate constitute integrals of the instantaneous photon
count rate over a finite time interval, T. In the kinetics mode introduced in Section 2.4,
this duration corresponds not only to the interval during which photons are accumulated
in a single slice, but also approximates the delay between subsequent slices very well. As
was mentioned in Section 2.3.1, correlating time-integrated quantities corresponds to per-
forming a triangular time average on the underlying correlation function. Generally, and
especially in cases where the accumulation time T is comparable to the dominant sample
relaxation time F- 1 , a distortion of the measured correlation function will take place. In
order to keep distortion minimal, one would tend to minimize the accumulation time.
However, the statistical accuracy of correlation functions decreases with the number of
photons in the correlated bins, and thus decreases with decreasing accumulation time. The
details of this dependence are explored in Section 2.6. In order to optimize our data reduc-
tion procedure, we must increase the effective accumulation time up to a value where the
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concomitant distortion in g2 is still tolerable. This ultimately requires an arbitrary choice.
Schitzel, considering the case of a sample exhibiting a single-exponential correlation func-
tion, expands the mean of the triangularly averaged correlation function in terms of FT,
and shows that, in our notation, [110, p. 300]
(g2(k)) = 1 +A e - k rT 1 + IfZ2 T2 + O(r4T4) (2.17)
for any delay index k > 0. The fractional increase in the amplitude of the correlation
function for FT < 0.1 lies below 0.001, an acceptable degree of distortion, according to
Schitzel.
For our routine kinetics mode operation, we adjust the accumulation time, T, such that
the dominant relaxations of the sample under study can be probed by the time domain we
access, FT < 1, thereby also aiming to satisfy Eq. (2.17). However, apart from the delay
time between subsequent slices, T, we correlate slices across different CCD frames. In
doing so, we introduce a second, fundamental delay time, Tfr, which is usually an order
of magnitude larger than the slice-slice delay time, T. We are now faced with a choice.
We can correlate the corresponding slices on subsequent frames, and average the resulting
correlation functions afterwards. Alternatively, we can first average all slices on a frame,
and then correlate those slice averages over subsequent frames. The order in which cor-
relation and averaging are performed is significant since the pre-averaging of slices will
significantly reduce the statistical noise of the results, but will also increase the degree of
distortion in the measured correlation function.
Let us consider a detector setup with Nsl effective slices in kinetics mode. Performing
the pre-averaging over slices amounts to using an accumulation time of NsT which has to
be compared to the delay times kfrTfr, where kfr is a non-zero integer denoting the frame
delay index. In light of the above considerations, we will perform the average over slices
before correlating whenever the frame delay index meets the condition
1
10 kfrTfr > NT (2.18)
For kfr of order unity, this condition is usually not met, and the frame-frame correlations are
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determined by an independent correlation of corresponding slices and subsequent averaging
of the results. It should be noted that the presented pre-averaging of slices may be viewed
as the simplest implementation of what is referred to in the literature as the "multiple-tau
correlation" technique: the effective accumulation time is dynamically increased with the
delay time under consideration, leading to dramatically reduced noise levels, especially for
large delay times [110].
2.5.6 Results of Coarse-Graining
For the purpose of further data analysis based on the estimator for the function g2 (Q, t), we
average over regions of reciprocal space in order to obtain data with sufficiently low noise
levels. The procedure is independent of our choice of estimator. Basing our coarse-graining
on the subregions Ri introduced previously, we calculate
g2(Qi, t) = avgRig2(Q, t) . (2.19)
In practice, each Ri is usually delineated by concentric circles about the origin of reciprocal
space. The operation avgRi (- . ) thus comprises an azimuthal average and a radial average
over a ring of finite width AQi. The width of the rings is determined by a simple algorithm
designed to achieve a compromise between maintaining good wavevector resolution, where
the scattering is strong, and averaging over a large number of pixels, where the scattering is
weak. In cases where obvious parasitic scattering contaminates the data, the affected parts
of the image are excluded from the subregions Ri.
The calculational procedures described above have been implemented in a code written
in the interpreted Yorick language [79], and provide a simultaneous evaluation of g2 (Qi,t)
for all subregions Ri constituting the detector area. This code also features a shifting
algorithm designed to keep only a small fraction of the total number of acquired data
frames within the computer memory. Since we are currently using a CCD detector with
1152x 1242 pixels of dynamic range 215, memory restrictions render it impossible to have
a complete data set reside in the memory. Fig. 2-5 shows the normalized intensity au-
tocorrelation functions calculated for both normalization schemes presented, applying our
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Figure 2-5: Normalized intensity time-correlation functions, g2(Q, t), derived from a single
batch of 30 CCD frames, each of which contained 21 effective slices. The solid dots (-)
were obtained with the estimator of Eq. (2.15) using the standard normalization, whereas
the open symbols (o) result from employing the symmetrically normalized estimator of
Eq. (2.12). In panel (c), the solid dots () are omitted for clarity. The inset of panel (a)
presents a subset of the data in panel (a). The scattering originated from the colloidal
suspension introduced in the text. All error bars were calculated from Eq. (2.23). In the
inset of panel (a), error bars are omitted for clarity. Otherwise, where error bars are absent,
they are smaller than the symbols shown. Solid lines in panels (a) and (b) denote single-
exponential fits to the given correlation functions. The solid line in panel (c) shows a
single-exponential fit to a data set with improved counting statistics.
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procedures to a time series of 30 frames with 21 exposures of 0.1 s each, as described above.
The numbers of pixels contributing are 822 for Fig. 2-5(a), 1019 for Fig. 2-5(b), and 1570
for Fig. 2-5(c).
It is evident in Figs. 2-5(a) and (b) that the autocorrelation function decays from a value
of about 1.11 at a delay time of 0.1 s to values slightly below 1.0 for delay times beyond
about 10s. The statistical uncertainties of both estimators increase with wavevector due to
the decrease in count rate. This decrease in count rate at larger wavevectors is apparently
only partially compensated for by the larger number of spatial channels over which we
average. Fig. 2-5(a) shows that at high count rates, for delay times up to about 34s, the
results of both estimators coincide. The symmetrically normalized estimator, however,
only assumes an interim baseline for delay times between 10s and 34s, and then slowly
increases to its ideal, unbiased value of 1.0. For the intermediate count rates shown in
panel (b), we notice that this same upward trend is less pronounced, but we find an overall
offset between the results of both estimators.
We have performed least-squares fits of a single-exponential decay to the data in Figs. 2-
5(a) and (b), where we fit the symmetrically normalized data only up to a delay time of 34s,
indicated by the vertical lines in the figures. The measured correlation functions are well-
described by the single-exponential form, a fact that becomes particularly clear at large
count rates. In Fig. 2-5(c), the noise for this data set alone is too large to make a definitive
statement concerning the time evolution. It may be noted that the measured zero-time
intercept of the autocorrelation function, especially when corrected for the observed bias,
agrees well with our expectations based on the properties of the undulator source and of
the beamline setup employed for these measurements, as is detailed in Appendix A.
It is well-known that Eqs. (2.12) and (2.15) represent biased estimators of the normal-
ized intensity time-autocorrelation function defined in Eq. (2.1). Schatzel calculates the
expected bias for both normalization schemes [111, pp. 136-139]. For the symmetrically
normalized estimator in the case of a single-exponential decay, he finds, in our notation,
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Figure 2-6: Shown is the theoretically predicted correlator baseline for the parameters
corresponding to Fig. 2-5. The open symbols (o) refer to the baseline prediction for the
symmetrically normalized estimator, according to Eq. (2.20). For presentation purposes,
the functions (a) and (b) are offset by a constant of 0.010 and 0.005, respectively. Lines are c
guides to the eye.
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In Eq. (2.20), the index k refers to the delay in terms of time steps, M=N-k is the number
of correlation pairs averaged per spatial channel, and f is the sample relaxation rate in terms
of time steps. The quantity Ns denotes the number of frames for slice-slice correlations, and
the number of slices for the frame-frame correlations. As usual, A is the optical contrast,
and the variable ni refers to the average number of photon events detected in a single spatial
channel over the duration of the exposure time.
Since we are operating in the regime of short data batches, we cannot afford to ignore
boundary effects in the evaluation of the estimator bias, which prevents us from simplifying
Eq. (2.20) any further. Using the parameters corresponding to the three panels in Fig. 2-5,
we calculate the theoretical expectation for the baseline, shown in Fig. 2-6 as the functions
labelled (a)-(c). The magnitude of the bias is predicted to decrease with increasing count
rate, and the expected baseline reaches its ideal value of 1.0 for the largest lag times at all
count rates. We should emphasize that Eq. (2.20) does not take into account systematic
effects which could arise from drifts in the overall scattering intensity with time. In order
to compare Eq. (2.20) to our experimental findings, we should therefore consider a sce-
nario in which the bias is relatively large, which is undoubtedly the case for panel (c) in
Fig. 2-5. We may then quantitatively compare Fig. 2-5(c) with Fig. 2-6. The solid line in
Fig. 2-5(c) illustrates that the correlation function essentially reaches its baseline at about
3s. To overcome the large noise, we average the symmetrically normalized correlation
function for delay times between 3 s and 34s, yielding a baseline of 0.962 ± 0.028. The
theoretical baseline estimate predicts 0.958 for the same average, in good agreement with
our experimental findings.
More qualitatively, it is evident that the correlation functions presented in Fig. 2-5 show
several features which can be traced back to the baseline predictions of Fig. 2-6. For the
largest delay times, the predicted baseline approaches the unbiased limit of 1.0. The onset
of this increasing tendency is located in the vicinity of a delay time of 34 s, marked in both
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figures by a vertical line. Similarly, the predicted baseline also exhibits a local maximum
at the longest delay times of the slice-slice correlations. This maximum around 1.8s delay
time can easily be identified as the range of delay times where the data in Fig. 2-5(b)
deviate systematically from the least-squares fit to a single-exponential decay. In light of
these observations, we conclude that the measured correlation functions conform well to
the theoretical expectations.
2.5.7 Trade-Offs with Azimuthal Averages
In general, the estimator gsym is used for the routine reduction of scattering data to cor-
relation functions. As is shown in Section 2.6, its advantage compared to gsd is that it
leads to reduced statistical noise in the correlation function. This result is expected since
the symmetric normalization scheme corrects for boundary terms which tend to have larger
relative effects in the case of short data batches, and since it yields a superior correction for
small intensity fluctuations, especially for lag-times comparable to the overall duration of
the data acquisition sequence.
The choice of normalization between g ym and gstd is independent of the question of
where azimuthal data averages over detector regions ought to be employed in the data
reduction scheme. In this section, we show how we can utilize the azimuthal degree of
freedom to obtain the optical contrast of our apparatus from the scattering of a static sample.
This procedure is equally applicable to estimators of either normalization scheme, and
for simplicity, we will illustrate our approach by using the standard normalization. We
implement an azimuthal average into Eq. (2.15) by modifying it to read
g2 [d(,k)= _ (2.21)
[std )]
The estimator g2d'az allows us to determine the speckle contrast given the scattering from
a static sample. The speckle contrast is given as the extrapolated zero-time intercept of
the normalized time-autocorrelation function, but it may also be determined from the spa-
tial variation of the intensity across a single image, provided that the image has suffi-
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ciently small counting noise [1, 105, 1301. The particular choice of normalization made
in Eq. (2.21) enables us to carry out the dynamic analysis described in section 2.5.4 to
characterize the stability of our setup. In addition, in some cases, it may be important
to determine the speckle contrast independently of a particular dynamic sample, so as to
be able to exclude or require the existence of a fast decay process, which may lead to a
decrease of g2 on time scales shorter than can be accessed with our present techniques.
Fig. 2-7 shows intensity autocorrelation functions for an aerogel sample at several dif-
ferent wavevectors, determined according to Eq. (2.21). They are nearly flat for hundreds
of seconds, at a value of about 1.17. Note that these data were obtained with slit settings
different from those employed for the measurements on polystyrene spheres in glycerol.
We may conclude that the period over which the synchrotron and our setup are sufficiently
stable easily exceeds several times the longest decay times measured for any of our col-
loid samples. Fig. 2-7 also illustrates that the data reduction procedure presented here is
capable of determining an absolute value for the normalized intensity time-autocorrelation
function from a data set that only covers a minor fraction of the coherence time of the sam-
ple. In doing so, we have implicitly employed the azimuthal information for estimating the
correlator baseline on the basis of a limited number of scattering images. This conclusion
signifies that we are operating in the limit of short data batches.
The numerator in Eq. (2.21) is deliberately determined by first evaluating a time average
on a pixel-by-pixel basis to obtain G2 (Q,k). Only afterwards do we perform the coarse-
graining over detector regions of Eq. (2.19) to obtain g2(Qi, t). The order of carrying out
these two operations is significant, since it enables us, for any of the estimators presented,
to extract the measurement errors directly from the azimuthal variation of g2(Q,k). The
details of this procedure will be described in Section 2.6 below. However, the advantages
of making the alternative choice are also apparent. Performing the azimuthal average first
amounts to modifying Eq. (2.15) as follows:
gpfdaz(i' S k)= [avgR .7)(Q)] 2 (2.22)
X N-k avgR ((i) (Q n) ,(i)(Q, n+k))
n=1
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When evaluating an estimator of this form, one will have to keep only a single correlation
function for each reciprocal space region in the computer memory. For evaluating the esti-
mator of Eq. (2.21), in contrast, one must store one correlation function for each detector
pixel, posing high demands on the system and slowing down the processing speed. We em-
phasize, nonetheless, that all estimators employed in this chapter perform the time average
on the unnormalized correlation function, G2, before carrying out any azimuthal average.
Doing so affords us the possibility to evaluate the experimental uncertainties directly from
the data. The crucial requirement that permits the proper analysis of isotropic scattering
from non-ergodic samples is that the estimator for g2 be normalized by an azimuthally av-
eraged denominator, denoted as u) 2. Both estimators, Eqs. (2.21) and (2.22), meet this
requirement. The estimator of Eq. (2.21) thus combines two desirable features: it is capa-
ble of properly reducing data from non-ergodic samples, and at the same time it provides us
with the azimuthal information needed for an experimental determination of the statistical
uncertainties in the measured data.
Throughout this section, we illustrated our conclusions by reference to the estimator
of Eq. (2.15) using the standard normalization. However, the same conclusions hold for
the symmetrically normalized estimator of Eq. (2.12). The fashion in which azimuthal
normalization is employed in the data reduction scheme is independent of the choice of
normalization. For the following discussion, we will not employ azimuthal averages in the
normalization, but only in the final coarse-graining over detector regions that is described
in Section 2.5.6.
2.6 Measurement Errors
In this section, we describe how we may infer the error bars for g2(Qi, t). This can be
achieved by two different approaches: either by calculating the error bars directly from
the statistical variation of our results for g2(, t) in reciprocal space, or alternatively by
theoretically predicting the expected error bars on the basis of the statistical parameters
which characterize our experiment. Both the experimental and the theoretical approaches
to the determination of error bars will be presented. We will show that they agree quite
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Figure 2-7: Intensity autocorrelation functions obtained from an aerogel sample at several
wavevectors. Inset is the optical contrast versus wavevector. Note that these data were ob-
tained with slit settings different from those employed for the measurements on polystyrene
spheres in glycerol.
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well, especially at low count rates.
2.6.1 Experimental Determination of Measurement Errors
Using an area detector allows us to determine the statistical accuracy of our measurements
of g2(Qi, t) experimentally. Specifically, every subregion Ri consists of Ni independent
detector channels each of which provides a separate measurement of the desired time-
correlation function. One can infer the statistical error in g2(Qi, t) from the fluctuation of
g2(, t) within the subregion Ri. That is, we can determine the variance in our measure-
ments via
var g 2(Qit) XQ2R, [g2(Q,t) g2(Qi,t)]2 (2.23)Ni (Ni - 1) (2.23)
It should be noted that this expression neglects the possibility of spatial correlations among
the g2 (Q, t). Consequently, it can provide a good estimate for the statistical error in g2(Qi, t)
only if the speckle size is on average not significantly larger than the area of a single de-
tector pixel. This condition is satisfied for the measurements described in this thesis. The
spatial extent of the detector response due to a single photon event may also in principle
establish correlations among neighboring detector channels. However, since the single-
photon response is mostly concentrated in a single spatial channel, Eq. (2.23) can be ex-
pected to provide a reliable estimate of the measured variance.
A measure of the signal-to-noise levels in a correlation measurement is generally given
by
g2 - 1
rsn = g. (2.24)
In the following, however, we will focus on the statistical accuracy of the correlation func-
tions themselves. Any further calculations can easily be carried out on the basis of the
mean correlation functions and their variances.
2.6.2 Shot-Noise Limit for Long Time Sequences
Jakeman has calculated the statistical error in measurements of g2 for an estimator of the
form provided in Section 2.5.4. For a single detector, counting for a long time at low count
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rates, Jakeman derives that the variance of the time-correlation function can be estimated
as [65]
varg2 (k) g2 (k) (2 .25)P2 M (
Here, M is the number of correlated pairs averaged to yield g 2(k), and h is the mean num-
ber of counts per channel detected over an accumulation time. Inserting Eq. (2.25) into
Eq. (2.24), and extrapolating k -X 0, we obtain a very rough estimate for the signal-to-noise
levels expected in an XPCS experiment,
rsnJ =A (I) T V/N, (2.26)
where we replaced the time-integrated counts in a detector channel, fi, by the product of
detected photon count rate, (I), and exposure time, T. The quantity N is used as introduced
in Section 2.5.3, as the total number of time steps in the data sequence. Eq. (2.26) motivates
why the experimental apparatus should be adjusted to maximize the product of optical
contrast, A, and detected photon count rate, (I). The details of realizing such an alignment
are described in Appendix A.
In the context of our multi-channel CCD area detector, we must generalize M so that it
is expressed as the product of a temporal and a spatial factor. Accordingly, we make the
substitution
M -> Mi(k) = M(k) Ni, (2.27)
where t = k 5t allows us to establish the relation to the time domain. The delay-dependent
factor M(k) refers to the number of pairs contributing to the average g2(t) for a single
spatial channel, and is thus given by (N-k). By contrast, the spatially dependent factor Ni
denotes the number of pixels in a specific detector subregion Ri, and is thus independent of
the delay index k.
The evaluation of Eq. (2.25) requires determining the average number of detected pho-
tons, fi. With our 12-bit analog-to-digital converter, a single detected photon event causes
on average an area-integrated, digitized response of 63.7 + 0.6ADU. In fact, the mean pho-
ton count rate shown in Fig. 2-4 was calculated by means of this conversion factor. For the
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Figure 2-8: Shown is the self-correlation [ 2)/() 2] versus the inverse average integrated
detector signal (u) . The slope of the straight line yields the conversion factor, c, which
is used for the estimation of statistical variances.
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evaluation of Eq. (2.25), however, a different proportionality constant between the detected
photon count rate and the detector response must be employed. The inequality of these two
conversion factors is a consequence of leakage, i. e. the fact that the signature of a single
photon event may extend over several detector pixels [45].
Given that the scattered photons obey Poisson statistics, it can be shown with the help
of Eq. (3.31) in Ref. [65] that
(/()t) 2 ) g2(Q,t = 0) . (2.28)
((Qt)) 2 i(Q,t)
As was explained earlier, the images u(, t) are obtained by subtracting a measured dark
signal from the raw CCD output, followed by performing a lower-level discrimination on
this difference. The resulting (Q,t) is thus in principle sensitive to fluctuations in the
measured dark signal [45], an effect which is not explicitly taken into account in Eq. (2.28).
However, since the standard deviation of the dark signal only amounts to less than 3 percent
of the total, area-integrated number of ADUs detected in a single photon event, and since
the lower-level discriminator cuts off dark-level fluctuations in regions of low count rate,
the effect of dark noise on Eq. (2.28) turns out be negligible. Performing azimuthal aver-
ages on Eq. (2.28), we find
(c)2 (Q) = 1 +A +c s (Q) (2.29)
For the estimation of statistical variances, the conversion factor c must be used, which is
assumed to be identical for all pixels.
In order to determine c, we carry out a linear regression between the two variables
[(u2 )(/0u 2 ](Q) and u (Q) . The expected linearity between these two quantities is illus-
trated in Fig. 2-8, using data obtained on the polystyrene suspension introduced earlier. We
have fit these data and 23 additional data sets obtained on the same sample under identical
experimental conditions. In each case, we determined the value of c and A. Calculat-
ing the mean and standard deviation of all of the fitting results yields c = 38.4 ± 0.4, and
A = 0.103 - 0.002, in good agreement with the zero-time limit of g2. Having determined
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athe conversion factor c from linear regression, and employing Eqs. (2.25) and (2.27), one
obtains
varg2(i,t) - c2 g2(Qi,t) (2.30)
2(0i) Ni (N-k) 
which is used to evaluate Jakeman's theoretical prediction of our statistical inaccuracies.
2.6.3 Predicted Statistical Errors for Arbitrary Count Rates
Schitzel [110] derives the statistial variance of the intensity time-correlation function, g2,
for arbitrary count rates, taking into account cross-correlation effects between non-identical
delay times, i. e. correlations among g2(k) and g2(1) with k# 1. For the case of a correlation
function described by a single-exponential decay, he obtains:
varg2 = M-A 2 { coth(2f) + e - 4 r k [2k+ coth(2F)] (2.31)
+ 2 A e- 4 Fk [-2k + coth(2f) - 2coth()]
+ 4A e-2k coth(f) + 2A-li - 1 [ + e- 4 kft + 2Ae - 2 k ]
A-2i-2 [1 +Ae2fkk] }
Here, we use F to refer to the decay rate of the intensity time-correlation function at a
given spatial channel, evaluated in terms of time steps in the data sequence. As before, M
denotes the number of correlated pairs averaged to yield g2 (k), k being the delay in terms
of time steps. In addition to the information needed for the evaluation of Jakeman's error
model of Eq. (2.30), Schitzel's prediction also requires us to know the correlation time,
t(Qi), corresponding to a subregion Ri of the detector area, thus enabling us to calculate
R(Oi) = t/t(Oi). As in Eq. (2.25), the quantity fi in Eq. (2.31) was estimated via (u)/c.
This is exact when f is used as a measure for the second moment of n.
Like Jakeman's Eq. (2.25), Schitzel's expression of Eq. (2.31) is derived under the
assumption of long time sequences, and thus neglects the effects of boundary terms by
assuming that the total measurement time is much larger than the coherence time of the
sample. The latter assumption is clearly not met by most XPCS data sets, especially not
by the slice-slice correlations within a single frame. Moreover, Eq. (2.31) is based on an
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expansion of the correlation function estimator in 8u, and the accuracy of this expansion
therefore depends on the relative variance 56 2 /M2 being small. It remains to be seen how
these predictions compare to our experimental results.
2.6.4 Comparing Estimator Performances
In Fig. 2-5 we have presented an example of the mean correlation functions obtained for
our reference colloidal suspension. The correlation functions were obtained by applying
the correlation function estimators to a data batch containing 30 frames with 21 effective
slices each. Employing Eq. (2.23), we can experimentally determine the statistical uncer-
tainties of the measured correlation means. By doing so, we can directly compare the noise
performance of the symmetric normalization of Eq. (2.12) to that of the standard normal-
ization of Eq. (2.15).
The findings are presented in Figs. 2-9 and 2-10. By presenting the data as a function of
wavevector at fixed delay times, Fig. 2-9 effectively describes the statistical uncertainties
as a function of time-integrated detector counts, fL. Fig. 2-10, in contrast, shows the data as
a function of delay at fixed wavevector, and thus provides insight into the dependence on
the number of correlated pairs, M(k). The panels of the latter figure are divided into two
parts, one showing the uncertainties for the slice-slice correlations within single frames,
the other one showing those for the correlation of slices across frames.
Comparing the two estimator performances, both figures illustrate that the symmetric
normalization yields a significantly better noise performance overall. Figs. 2-9 and 2-10
make it clear that this relative advantage of the symmetric normalization holds true espe-
cially for large count rates. In Fig. 2-10, we notice a dip in the time dependence of the
statistical errors for the standard estimator. The statistical uncertainty assumes a local min-
imum at a delay index corresponding to half the total length of the data sequence, visible at
intermediate and small wavevectors for both slice-slice and frame-frame correlations. The
described feature exhibits an amplitude that is roughly unchanged between Figs. 2-10(a)
and (b). The error in the symmetric estimator, in contrast, is increasing with decreasing
count rate. In Fig. 2-10(c), the statistical uncertainties for both estimators have merged, at
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Figure 2-9: Absolute statistical error in the time-correlation function, g2(Q,t), versus
wavevector, Q, for three different delay times. The solid dots (-) indicate the statistical
error obtained using the standard normalization, whereas the open symbols (o) denote the
standard deviation obtained with the symmetric normalization procedure. The solid line
indicates Jakeman's model for the statistical error evaluated using Eq. (2.30), while the
dashed line represents Schitzel's prediction of Eq. (2.31).
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Figure 2-10: Absolute statistical error in the time-correlation function, g2(Q,t), versus
delay time, t, for three different wavevectors. The solid dots () indicate the statistical
error obtained using the standard normalization, whereas the open symbols (o) denote the
standard deviation obtained with the symmetric normalization procedure. The solid line
indicates Jakeman's model for the statistical error evaluated by means of Eq. (2.30), while
the dashed line represents Schitzel's prediction of Eq. (2.31).
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an even higher absolute level, and the local minimum cannot be identified anymore.
The solid lines in Figs. 2-9 and 2-10 show Jakeman's error prediction of Eq. (2.25),
evaluated by explicit application of Eq. (2.30). It appears that Jakeman's prediction under-
estimates the effective noise systematically, with the exception of a few scattered points
in Fig. 2-10(c) at very large delay times. We attribute these outliers to scatter in the noise
estimation itself. The same panel illustrates that Jakeman's noise estimate is in closest
agreement with the data at very low count rates. These findings are consistent with our the-
oretical expectation that Jakeman's Eq. (2.25) sets a lower limit to the noise performance
of a correlation scheme. This is exactly why both estimators generally merge for small
count rates, as can be seen best in Fig. 2-9 at large wavevectors. For small count rates, the
Jakeman term will dominate all other contributions to the estimator noise. It is sensible that
the local minimum apparent in the standard estimator noise in Fig. 2-10 will be rendered
insignificant under such circumstances.
Similar considerations hold when considering Schdtzel's model for the statistical errors,
which is shown as the dashed line in Figs. 2-9 and 2-10. The model merges with Jakeman's
for small count rates, since the Jakeman term is the only one of order i- 2 in Eq. (2.31).
At higher count rates, however, the differences are significant. Up to intermediate count
rates, Schtzel's model provides an accurate description of the symmetrically normalized
estimator uncertainties, if slightly underestimating the measured noise level. At the highest
count rates, however, Schitzel's prediction does not seem to provide a reliable estimate.
None of the models considered has been able to capture the most unusual feature of
the data presented in Fig. 2-10: the dip in the time dependence of the standard estimator
noise, which is evidently removed by use of a symmetrically normalized estimator. The
amplitude of this feature appears to be roughly independent of count rate, and is dominated
by other noise contributions at small count rates.
2.6.5 Combining Different Exposure Times
As emphasized above, to characterize the sample dynamics over as wide a range in time as
possible, we generally acquire data with several different exposure times. Eq. (2.5) points
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Figure 2-11: Intensity autocorrelation function, g2 (Q, t), for the colloidal suspension intro-
duced in the text. Data are shown for the indicated wavevectors. Solid lines correspond to a
single-exponential form for the intermediate scattering function. For presentation purposes,
the baselines were adjusted to 1.0, 1.1, and 1.2, respectively.
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to how correlation functions acquired with different exposure times might be combined:
different exposure times lead to a variation in the apparent optical contrast, but do not
affect the form of the correlation function in the regime in which we operate. Let us then
consider the case that we have measured two correlation functions, g2a and g2b, which
were acquired using different exposure times, Ta and Tb, respectively. Then, aiming to
construct a physically sensible combined correlation function, we can ensure the continuity
and smoothness of the combined function by performing a linear transformation
cl + C2 g2b (t, Tb) (2.32)
on the second correlation function before merging it with the first. The coefficients, cl
and c2, are chosen such that the temporally interpolated values of the linearly transformed
function lead to a least-square match with the values of the first correlation function. This
linear transform was also suggested by Stepinek [121, pp. 228-230] for merging corre-
lation functions measured over varying time domains, a procedure referred to by him as
"splicing".
Fig. 2-11 shows intensity autocorrelation functions obtained by combining several mea-
surements employing different exposure times. To ensure that the presented procedure
yields a proper representation of the correlation function at all delay times, it is essential
that the overlap between the two time domains be sufficiently extensive. For a single-
exponential decay in the correlation function, this method is, as was explained earlier,
expected to be exact. Moreover, any variation of the baseline, possibly due to static para-
sitic scattering contributing to the raw scattering data, will also be adjusted. The described
combining procedure must be carried out separately for all independent subregions, Ri, of
reciprocal space. For data acquired with more than two exposure times, the procedure can
simply be repeated, merging any further correlation function with the combination of the
previous ones.
When combining several sets of correlation functions acquired with differing acquisi-
tion times, the corresponding statistical uncertainties must be scaled appropriately. It is
worth noting that the extent of scatter apparent in the correlation functions of Fig. 2-11 is
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comparable to the size of the measured error bars, as is especially evident for the data at
the largest wavevector.
2.7 Photon Correlation in the Regime of Short Data Batches
We have presented a CCD-based procedure for reducing short data batches of two-dimen-
sional scattering images to intensity time-autocorrelation functions. In doing so, we have
shown that an area detector not only reduces correlator noise by means of the sheer number
of its spatial channels. Importantly, it also adds functionality to the correlator performance
which would be difficult to match with a single-channel scheme.
Explicit expressions for correlation estimators were presented. Our data reduction pro-
cedure was applied to the scattering from a prototypical colloidal suspension. The bias in
the correlator baseline could be compared to the theoretical baseline predictions. Similarly,
the two-dimensionality of the detection scheme was used for deriving a direct measure
of the statistical uncertainties in the measured correlation functions, allowing us to com-
pare the noise performances of different correlation function estimators with each other,
and with the corresponding theoretical predictions. For both noise performance and bias,
boundary effects turn out to be significant, as expected in the regime of short data batches
considered here. The symmetrically normalized correlation estimator is observed to lead
to better noise performance than an estimator using the standard normalization scheme. To
our knowledge, this is the first time that correlator noise performance has been determined
directly from experimental data, independent of any theoretical model for noise in photon
correlation functions.
The data reduction procedure presented here was shown to be capable of determining
an absolute value for the normalized correlation function from a data set that only covers
a minor fraction of the coherence time of the sample. Considering the isotropic scattering
of a static aerogel sample, the azimuthal degree of freedom of the CCD could be employed
for inferring the optical contrast on the basis of only a limited number of scattering images,
signifying that we are operating in the limit of short data batches.
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Chapter 3
Structure and Dynamics of
Concentrated Dispersions of Polystyrene
Latex Spheres in Glycerol
Dispersions of spherical particles with effectively hard-sphere interactions are the simplest
complex fluids. Indeed, one may hope to build understanding of more complicated soft
matter on the behavior of colloidal dispersions. It is therefore notable that after more than
twenty years of research [4, 8, 28, 61], the dynamics of colloidal particles with hard-sphere
interactions are still not fully understood. The ability to prepare colloidal suspensions, com-
posed of nearly perfectly spherical, highly monodisperse nanoscale particles dispersed in a
liquid [62, 93, 96], enables experiments on accurate realizations of hard spheres. Moreover,
because colloidal particles are much larger than atoms and molecules, a variety of experi-
mental methods can be applied, which permit detailed studies of the structure and dynamics
on the length and time scales relevant to individual particles [72, 80, 113, 131, 133, 134].
In this chapter, we present static and dynamic x-ray scattering measurements of the
structure and dynamics of concentrated colloidal suspensions of charge-stabilized poly-
styrene (PS) spheres dispersed in glycerol for volume fractions from a few percent up to
the crystallization limit. Our goal is to elucidate how particle diffusion is modified as the
motions of the particles become increasingly constrained by the presence of neighbors, as
necessarily occurs at large volume fractions. Insofar as their static structure and phase be-
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havior is concerned, these dispersions show essentially hard-sphere interactions. However,
their dynamics appear to present significant differences from the dynamical behavior ob-
served experimentally [113, 114] for the prototypical hard-sphere system of poly(methyl-
methacrylate) (PMMA) spheres, sterically stabilized with a grafted layer of poly(hydroxy
steric acid) (PHSA), and suspended in decalin/tetralin mixtures [89].
Because of the refractive index difference, nps-nGl, between polystyrene (nps - 1.59)
and glycerol (nGl - 1.47), our suspensions are milky in appearance, as a result of strong
multiple scattering of light. Consequently, it would be very difficult to carry out light scat-
tering studies of the dynamic mode structure and static correlations in any of the highly con-
centrated samples considered, even using the two-color technique [113]. Instead, we have
applied the emerging technique of x-ray photon correlation spectroscopy (XPCS), which
employs the principles of dynamic light scattering, but uses x-ray photons from a high
brilliance synchrotron rather than laser light [19, 31, 41, 78, 94, 123, 125, 129]. To char-
acterize the system's static structure, simultaneous small-angle x-ray scattering (SAXS)
measurements were performed. Multiple scattering of x-rays only occurs for unusually
strong scatterers, and was of no concern for the present study.
Interactions and Phase Behavior
PS spheres in glycerol, a polar solvent, constitute a prototypical colloidal system. Their
interactions, the so-called Derjaguin-Landau-Verwey-Overbeek (DLVO) interactions, are
representative of a large class of colloids, consisting of a screened electrostatic repulsion
between charges at the spheres' surfaces, plus a longer-ranged, attractive van der Waals
component [62, 93, 96]. Frequently, colloidal particles interacting via DLVO interactions
are taken to have effectively hard-sphere interactions [72]. This hypothesis has found recent
support in elegant experiments, demonstrating that screened, charged polystyrene colloids
behave according to the hard-sphere equation of state [103]. For PS spheres in glycerol,
SAXS measurements, described below, demonstrate that the interactions between spheres
are indistinguishable from those of hard spheres.
In hard-sphere systems, temperature plays no role for the static properties, and the
phase behavior depends only on volume fraction [3]. For volume fractions up to 0.494, the
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equilibrium phase is a colloidal fluid, while above volume fractions of 0.545 one finds a
colloidal crystal [61]. Between volume fractions of 0.494 and 0.545, one expects coexis-
tence of the liquid phase at the freezing density of 0.494 and the solid phase at the melting
density of 0.545. Within this range, it has been found experimentally that the liquid phase is
metastable for volume fractions up to 0.58; beyond about 0.58, large-scale diffusion ceases,
corresponding to the appearance of a colloidal glass phase [133]. The effect of a size distri-
bution, i.e. polydispersity, on the fluid-solid transition of hard spheres has been considered
in Refs. [7, 69, 90], for example. For polydispersities up to about 0.025, corresponding to
the system studied here, there is little effect. For larger polydispersities, however, both the
freezing and melting densities increase while the difference in their densities decreases.
Dynamical Behavior
In a dilute colloidal suspension, the diffusion equation can be expected to provide a good
description of the low-frequency dynamics, predicting that density fluctuations relax ex-
ponentially in time. Similarly, the normalized intermediate scattering function may be
described by a single-exponential decay with a relaxation rate F = Do Q2 , where Do is
the free-particle Stokes-Einstein diffusion coefficient, and Q the scattering wavevector. In
denser colloidal systems, the wavevector dependence of F is modified through the effect of
interparticle correlations, and the intermediate scattering function may not retain its single-
exponential form. For such cases it is sensible to define a time- and wavevector-dependent
diffusion coefficient, D(Q,t). All dynamical information of the system is then contained
in this quantity, which simplifies to a constant in the dilute limit [114]. For PS spheres in
glycerol, our measurements indeed show that density relaxation via a single-exponential
decay persists up to volume fractions of about 0.30. At higher volume fractions, we ob-
serve a more complex decay characterized, however, by different exponential behavior at
short and long times. It is convenient, then, to introduce short-time and long-time diffusion
coefficients, Ds(Q) = D(Q, 0) and DL(Q) = D(Q, oo).
In this regard, our results are qualitatively similar to those of Ref. [114]. One simple
model giving rise to a double-exponential relaxation supposes that neighboring particles
may form a "cage" about a given particle. For sufficiently short times, the system would
81
_II___C___IIIX___1__II 1II-I.--._.
--·l-L 1111-1_1110111111- 1 1_1 -_11111-·11 -·-
then appear to be in a transient equilibrium state, in which every particle would occupy
a potential minimum formed via the interactions with its neighbors. On this time scale,
whose upper limit is given by the configurational relaxation time, the fluid would exhibit
a certain degree of rigidity. Accordingly, one might expect a fast relaxation mode due to
collective diffusive behavior within a transient equilibrium state, as well as a long-time
relaxation mode due to the decay of these large-scale configurations.
In a colloidal dispersion, each particle experiences the effects of the fluid flow caused
by neighboring particles, in addition to random thermal motions. This hydrodynamic in-
teraction plays an important role in the particle's diffusion, although it does not affect the
static structure. The principal obstacle preventing a detailed theoretical understanding of
diffusion in hard-sphere colloidal suspensions remains the difficulty of fully treating near-
field many-body hydrodynamic interactions, which are especially relevant to the dynamics
of particles that may approach each other closely, such as sterically stabilized colloids
and charge-stabilized colloids with short screening lengths. Beenakker and Mazur evalu-
ated Ds(Q) for hard-sphere diffusion, taking into account many-body hydrodyamic interac-
tions [9]. Recently, Segre and co-workers carried out simulations of hard-sphere diffusion
based on a fluctuating lattice Boltzmann method [1 13]. For charged suspensions, where the
particles are well separated, an effective hydrodynamic pair interaction suffices [50, 82].
In Ref. [ 113], Segre and co-workers presented comprehensive measurements of Ds(Q)
for hard-sphere colloidal particles: PMMA spheres of 178 nm radius, sterically stabilized
with PHSA in decalin/tetralin. They report excellent agreement between these measure-
ments of the short-time diffusion coefficient and their own simulations, both presented in
Ref. [113]. The most striking feature of these and earlier results [23, 107, 132] is the
strong wavevector dependence about the wavevector corresponding to the peak of the static
structure factor. Specifically, the inverse of the diffusion coefficient displays a peak that
mimics the peak in the static structure factor. This informs us that low-free-energy config-
urations, signaled by a peak in the static structure factor, are also long-lived, signaled by
the corresponding peak in the inverse of the diffusion coefficient. This link between struc-
ture and dynamics is well-known [2, 5, 6, 36, 97]. In fact, our results for the short-time
wavevector-dependent diffusion coefficient are similar to those of Ref. [113]. They agree
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quite well with the predictions of Ref. [9], especially for low and intermediate volume frac-
tions. Measurements of Ds(Q) in several other concentrated dispersions are described in
Refs. [56, 88, 91].
We do not know of any theoretical prediction for the the full time dependence of
D(Q,t). Tokuyama and Oppenheim [1261 have presented calculations of the short-time
and long-time self-diffusion coefficients, including hydrodynamic interactions, which can
be expected to be comparable to our measurements at wavevectors where the static struc-
ture factor is unity. We are, however, unaware of any calculations or simulations of DL(Q)
for concentrated hard spheres. For well-separated, charged colloids, the effective hydrody-
namic pair interaction can be sensibly employed to predict DL(Q) [81]. Long-time diffu-
sion in systems of the latter sort was studied experimentally in Refs. [54, 55].
Proposed Scaling Forms
The first detailed experimental study of the wavevector-dependence of long-time diffu-
sion of hard-sphere colloids was carried out for PMMA particles of 178nm radius, sta-
bilized with PHSA by Segre and co-workers [114]. They have suggested a remarkable
scaling property obeyed by D(Q, t), offering the promise that the dynamics of strongly in-
teracting hard spheres could be tremendously simplified. Specifically, they found that the
wavevector-dependent short-time diffusion coefficient, Ds(Q), was accurately proportional
to the long-time diffusion coefficient, DL(Q), over the entire range of wavevectors studied
from QR -- 1 to QR - 7. For wavevectors greater than about QR Ž 2.5, they also ob-
served that the ratio of the time- and wavevector-dependent diffusion coefficient, D(Q,t),
to the short-time diffusion coefficient, Ds(Q), displays no significant wavevector depen-
dence. Consequently, the functional form D(Q,t)/Ds(Q), plotted versus time at differ-
ent wavevectors, will collapse onto a time-dependent master curve. A similar collapse,
or "scaling", is observed for the normalized intermediate scattering function itself if the
form Q-2 Ds 1 (Q) lnf(Q, t) is plotted versus delay time, t. Even more remarkably, Segre
and co-workers were able to show that the quantity [D(Q, t) - DL(Q)]/[Ds(Q) - DL(Q) is
a scaling form that appeared to be invariant under change of both wavevector and volume
fraction. If plotted versus delay time for wavevectors larger than QR - 2.7 and volume frac-
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tions in the range 0.38 < < 0.494, this functional form collapses onto a time-dependent
master curve. It should be noted that at a fixed wavevector, the ratio Ds(Q)/DL(Q) varies
considerably over this range of volume fractions.
In the present chapter, however, we will show that the proposed scaling appears to be
quite delicate, even in ostensibly hard-sphere suspensions. Specifically, we do not observe
proportionality between the wavevector-dependent short- and long-time diffusion coeffi-
cients. Consequently, the intermediate scattering function cannot exhibit the scaling ob-
served by Segre and co-workers. The discrepancies between the earlier measurements on
PMMA spheres in decalin/tetralin and our measurements on PS spheres in glycerol indi-
cates that the dynamical behavior in sterically stabilized systems is distinct from that of
charge-stabilized systems, even though differences in the static structure are negligible. In
this regard, it may be pertinent to recall the observation [89] that the low-shear-rate viscosi-
ties of "hard-sphere dispersions" appear to fall into two bands. The higher viscosity band
includes the results of several measurements performed on PMMA-PHSA dispersions; the
lower viscosity band includes measurements on PS and silica suspensions in both aqueous
and non-aqueous liquids [118].
The present chapter is organized as follows. Section 3.1 focuses on the most relevant
aspects of the experimental methods employed in this study. In this context, Section 3.1.1
briefly describes the experimental setup employed for the measurements presented, the
synchrotron beamline 8-ID at the Advanced Photon Source in Argonne, IL, USA. Sec-
tion 3.1.2 outlines how time-resolved x-ray scattering data are reduced to intensity time-
autocorrelation functions. The sample preparation is described in Section 3.1.3. Section 3.2
addresses the static properties of the suspension under study. In particular, Sections 3.2.1
and 3.2.2 present the theory for and the measurements of the static x-ray scattering cross
section, respectively. These data demonstrate that the particles of our suspensions show ef-
fectively hard-sphere interactions. Beginning with Section 3.3, the dynamic characteristics
of the sample are discussed. A theoretical framework for interpreting measurements of the
intensity autocorrelation function of concentrated suspensions is described in Section 3.3.1.
The dynamic measurements themselves are described in Section 3.3.2. In Section 3.4, we
summarize our results.
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3.1 Experimental Methods
The technique of XPCS applies the well-known principles of dynamic light scattering to x-
ray scattering patterns. In general, a dynamic sample illuminated by partially coherent light
gives rise to a time-varying speckle pattern. Time-autocorrelation of the speckle pattern
then yields the characteristic relaxation times of the sample. Specifically, the intensity
time-autocorrelation function, g2(t), is defined by
g2(t) = ( I ( O) I ( t ) ) , (3.1)
where I(t) is the detected photon count rate at time t, and ("*)E denotes an ensemble
average. This quantity can be related to the intermediate scattering function of the sample,
S(Q, t), via
g2(t)= 1 +A [f(Q,t)]2 , (3.2)
where f(Q, t) = S(Q, t)IS(Q) is the normalized intermediate scattering function. The quan-
tity S(Q) = S(Q, 0) denotes the static structure factor, and A refers to the speckle contrast.
For a colloidal suspension,
S(Q,t)- e-iQ [ri(O)-rj(t)] (3.3)
where ri(t) is the position of particle i at time t.
Performing XPCS measurements requires an experimental setup capable of producing
speckled scattering images, that is, a beamline allowing for a non-zero optical contrast, A.
Moreover, one must devise a data analysis technique that is suitable for reducing sequences
of speckled scattering images to correlation functions as defined in Eq. (3.1).
3.1.1 Beamline Layout
The measurements described in this chapter were carried out at beamline 8-ID of the Ad-
vanced Photon Source. Details of the setup were presented in Chapter 2 of this thesis.
Briefly, we employed x-rays of energy 7.66keV produced by a 72-pole undulator. The
85
undulator has effective Gaussian source sizes of ox = 350tum and az = 50#im in the hor-
izontal (x) and vertical (z) directions, respectively. Radiation originating in the undulator
subsequently passes through an aperture with a diameter of 3004 um, followed by a set of
adjustable slits. These two elements minimize cooling requirements on the downstream
optics without reducing the useful brilliance of the source. In addition, they limit the ef-
fective horizontal source size as viewed from the sample. A silicon mirror and a germa-
nium monochromator then select a relative full-width-at-half-maximum energy bandwidth
of 3 x 10 - 4 . A set of precision crossed slits, 55 m from the undulator source and 40cm up-
stream of the sample, determine the spatial dimensions of the beam illuminating the sample.
For the measurements reported here, we employed two different slit sizes, 20tum x 50#um
and 40um x 50,um in the horizontal x vertical dimensions. With the smaller slit setting,
the partially coherent x-ray beam delivered to the sample at 8-ID contains about 2 x 1010
x-rays per second at a synchrotron ring current of 100mA. Scattered x-rays are detected
4.85 m further downstream using a two-dimensional CCD detector.
The quantity measured in XPCS experiments is the normalized intensity autocorrela-
tion function, triangularly averaged over the accumulation time, and coarse-grained over
the pixel area. The effects of both averages, as well as the coherence properties of the
beamline, are modelled in Chapter 2 and in Appendix A. For the parameters appropriate
to the present experiment, we expect a contrast of order A -- 0.10 - 0.20, depending on the
settings determining the effective source size and the illuminated sample area.
3.1.2 Data Reduction
Dynamical properties of the suspensions were characterized via autocorrelation of se-
quences of CCD images. Area detectors can expedite the study of slow dynamics in the
regime of short data batches, defined as measurements whose total duration does not sig-
nificantly exceed the coherence time of the sample under study. The latter is the regime
in which our XPCS measurements are carried out. The detection scheme by means of
a two-dimensional CCD allows data to be acquired from many speckles simultaneously,
and offers the possibility of mitigating the difficulty posed by the small photon count rates
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encountered in XPCS measurements [41, 78, 129]. Combining this advantage with the ben-
efits of the azimuthal information afforded by a two-dimensional detector, it becomes clear
that the use of an area detector in XPCS measurements enables a fundamental improvement
in data quality over what would be possible by use of a single detector channel.
Employing the data acquisition procedure described in Chapter 2 of this thesis, we were
able to probe intensity autocorrelation functions for delay times from 30ms to more than
100s. The calculational procedures for reducing sequences of speckled scattering images
to correlation functions, as defined in Eq. (3.1), have been implemented in a code writ-
ten in the interpreted Yorick language [79]. The code provides a simultaneous evaluation
of the correlation function g2(Qi, t) on a set of detector subregions with mean scattering
wavevectors Qi. For an isotropic sample, such as the colloidal suspension discussed in the
present case, the azimuthal degree of freedom in reciprocal space allows one to determine
an absolute value for the normalized correlation function from data sets that only cover a
fraction of the coherence time of the sample. Similarly, this detection scheme provides a
direct measure of the statistical uncertainties in the measured correlation functions. All er-
ror bars on the dynamic measurements presented in this chapter are ultimately based on this
experimental determination of statistical uncertainty. The statistical noise performance of
different estimators for Eq. (3.1), as well as the bias occurring in estimating the correlation
function mean, were discussed in Chapter 2.
3.1.3 Suspensions of Polystyrene Spheres in Glycerol
Polystyrene latex spheres suspended in glycerol, which is a polar solvent, constitute a pro-
totypical system for which the DLVO interactions are representative of a large class of
colloids [62]. Glycerol was chosen as the suspending medium to slow down the dynam-
ics, permitting time-resolved measurements of the x-ray speckle pattern using the CCD
detector [41, 138]. A further benefit of choosing to study PS spheres in glycerol is that the
density difference between polystyrene and glycerol is close to 0.2 gcm- 3 , corresponding
to an electron number density difference of 6 electrons nm-3 . This electron number density
difference is about four times larger than that between polystyrene and water, making the
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scattered intensity for a PS-glycerol system sixteen times larger than that for a comparable
PS-water system. We may also note that because the refractive index of glycerol is closer
to that of PS than to that of water, the van der Waals attraction between particles is expected
to be three times smaller for PS spheres in glycerol than for identical spheres in water.
To prepare the samples, an aqueous suspension containing PS latex particles with a
nominal radius of 71 nm was purchased from Duke Scientific. The nominal colloidal vol-
ume fraction was 0.10. The relative standard deviation in radius was quoted to be 0.025,
which was found to be consistent with dynamic light scattering measurements performed
at MIT on a very dilute sample. By using colloidal particles with this relatively small poly-
dispersity, we may hope to avoid complications due to a size distribution of finite width.
Known weights of the as-received suspension were mixed with known weights of glycerol.
The water was then removed by evaporation, under vacuum, leaving the PS spheres sus-
pended in glycerol. Samples were manufactured with sphere volume fractions of q = 0.027,
0. 13, 0.28, 0.34, 0.49 and 0.52, determined on the basis of the nominal volume fraction of
the as-received suspension. For the x-ray measurements, the samples were mounted in the
evacuated, temperature-controlled sample chamber and cooled to a temperature of -5°C.
We estimated the temperature stability to be better than 0.03°C, and the absolute preci-
sion to be ±0.2°C.
3.2 Static Structure
This section will present the static characterization of our colloidal system by means of
SAXS. We will introduce the topic by summarizing the most relevant theoretical expecta-
tions, and will continue with a description of our experimental data. The section will close
with a discussion of the static data.
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3.2.1 X-Ray Scattering Cross Section: Theoretical Background
The scattering cross section per unit volume, = (Q), is defined in terms of the rate of
incident x-rays, ni, and the rate of scattered x-rays, ns, via
ns
= YWAvQ , (3.4)
ni
where W denotes the sample thickness along the beam, and AQ the solid angle over which
the rate ns is detected. The cross section may be expressed as
y = (' g;s) 2 r2 d 3 r e-iQr ( p(O, O)p(r, 0) )E (3.5)
where p(r, t) refers to the electronic density at position r and time t. The angular brackets
( ')E denote an ensemble average, and the quantities ;i and ;s specify the polarizations
of incoming and scattered x-rays, respectively. We may focus on the case pertinent to the
present chapter, namely a collection of N nearly identical spherical particles suspended in
a fluid, so that
N
| d3 r p(r, t) e -iQ' r = p viFi(Q) e- iQri(t) (3.6)
Here, 8p is the difference in electron number density between the particles and the fluid,
and vi, Fi(Q), and ri(t) are the volume, the form factor phase, and the position at time t,
respectively, of particle i. If all of the spheres are identical or may be treated as such, then
= p2 (i' s)2 rO2 vP(Q)S(Q), (3.7)
where =Nv/V denotes the colloidal volume fraction, P(Q) = IF(Q) 12 the particle form
factor, and
S(Q) = N E E (e-iQ-(r-rj)
i=1=1
1+ 4n dr r2 [g(r) - 1] sinQr (3.8)
v O Qr
the static structure factor. The quantity g(r) refers to the radial pair correlation function.
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A closed-form expression for the static structure factor of a system of spheres inter-
acting via hard-sphere interactions, So(Q), is available based on Percus-Yevick [8] closure
relations:
So()1 24(Q) 1+ 4) 1 a(sinu-ucosu)
+b [(2-1) ucosu+2sinu -
+ 24 (1- 6 sin u
w1t2 u+ u24 u cosu , (3.9)12 U4 ]}
with u = 2QR. The quantity R denotes the hard-sphere radius, a = (1 + 2)2(1 - ) - 4, and
b= - ( +2)2(1 - )-4. In fact, using a Percus-Yevick closure, it is possible to calculate
the cross section for a collection of spheres with radii distributed according to a generalized
exponential distribution [53, 135]. However, the structure factors of monodisperse spheres
and spheres with a relative polydispersity of 0.025 in radius are very similar.
The small-wavevector limit of the static structure factor of a suspension of monodis-
perse particles is related to the osmotic compressibility, KT, via
S(O) = kBT KT (3.10)
For monodisperse hard spheres in the Percus-Yevick approximation, it follows from Eq. (3.9)
that So(O) = (1 - 0)4/(1 + 24)2.
3.2.2 X-Ray Scattering Cross Section: Experiment
Static x-ray scattering measurements are carried out by collecting scattering patterns with a
two-dimensional CCD area detector. Fig. 3-1 shows a typical grey-scale image obtained at
8-ID of the scattering from PS particles with a diameter of 66.5 nm, suspended in glycerol.
The region of reciprocal space probed only covers a quadrant of the scattering - the direct
beam would occur just beyond the top left corner of the image. The smallest wavevector
measured (0.02 nm-l) corresponds to the top left corner of the image and the largest one
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Figure 3-1: CCD image showing the scattered intensity from PS latex particles in glycerol
at a particle volume fraction of q = 0.49.
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(0.2 nm- 1) to the bottom right corner. The intensity varies smoothly everywhere and shows
circular symmetry about the direct beam position, in accordance with the expected isotropy
of the sample. In particular, there are apparently no streaks of scattering that could be asso-
ciated with parasitic scattering from the slits. Several broad rings of high intensity may be
seen in the image, concentric with the direct beam position. The rings at larger wavevectors
are the intensity oscillations that are characteristic of uniform, or nearly uniform, spheres.
The innermost ring, however, originates in interparticle correlations.
To determine the scattering profiles as accurately as possible, we measured the scattered
intensity with the sample in the scattering position and also with the sample removed. To
minimize subtraction errors, any localized regions of high parasitic scattering on the CCD
were eliminated from consideration. Next, the background scattering patterns - those for
which the sample was absent - were appropriately scaled to account for the absorption
of the sample and, finally, subtracted from the intensity obtained with the sample in the
scattering position. The resulting, circularly averaged x-ray scattering cross sections are
displayed in Fig. 3-2 for samples of different volume fractions and for wavevectors from
QR = 1 to QR - 15. The resolution of our setup corresponds to the separation between
neighboring data points in Fig. 3-2.
At large wavevectors, the shape of the scattering curves appears independent of volume
fraction and, as noted above, shows the intensity oscillations that are characteristic of uni-
form spheres. The solid line in Fig. 3-2 shows the best fit of a model function to the data at
a particle volume fraction of 4 = 0.027. The model describes the scattering of hard spheres
with a volume fraction of 0.027 and a relative polydispersity in radius of 0.025. The sole
fitting parameter was the mean particle radius, resulting in a best-fit value of 66.5 nm, in
fair agreement with the manufacturer's value. The model provides a good description of
the data for wavevectors below about 0.06nm- 1. However, it evidently fails to properly
describe the behavior at the minima of the cross section. We ascribe the discrepancy to
small departures of the colloidal particles from spherical symmetry. Similar behavior was
observed in Ref. [30].
At smaller wavevectors, a pronounced peak develops as the volume fraction increases,
corresponding to increasing interparticle correlations. This behavior is illustrated in Fig. 3-
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Figure 3-2: Circularly averaged scattering cross section per unit volume, (QR, q), for
several different volume fractions, , of PS latex particles in glycerol. The cross sections
are plotted versus QR on a logarithmic scale.
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3. The figure shows the static structure factor, obtained by dividing the measured scattering
for different volume fractions by the particle form factor. The latter was determined from
the data at = 0.027, after applying a small structure factor correction. To make clear the
behavior at small wavevectors, where the structure factor is small, Fig. 3-4 shows these
data on a logarithmic scale. The data of Fig. 3-3 are analogous to the liquid structure factor
of an atomic fluid. The principal peak of the structure factor approaches QR - 3.5 at large
volume fractions, consistent with what may be expected for hard spheres. By contrast,
colloidal particles with significant long-ranged Coulomb repulsions can be expected to
exhibit a larger mean separation, so that the first peak of the structure factor would occur
at smaller wavevectors, with a greater degree of ordering at lower volume fractions. The
solid lines in Figs. 3-3 and 3-4 correspond to the model structure factor for particles with
a mean radius of 66.5 nm and a polydispersity in radius of 0.025, distributed according
to a Schultz-Zimm distribution [53]. This model was fit to the measured structure factor,
varying only the volume fraction for each data set.
Evidently, the hard-sphere model provides a good description of the experimental struc-
ture factors at all volume fractions, in particular reproducing the position of the principal
peak accurately. Gratifyingly, the best-fit values for the volume fractions of the different
samples are indistinguishable from the nominal volume fractions. It is, in addition, espe-
cially notable that the behavior of the measured structure factor at small wavevectors is
reproduced well by the model. This informs us that the osmotic compressibility of PS latex
spheres in glycerol is well-described by the hard-sphere equation of state. In this regard,
two remarks are pertinent. First, if there were significant attractive interactions between
particles, we would expect increased scattering at small wavevectors [140], especially for
the samples of lower volume fraction. Second, according to Ref. [53], a relative polydis-
persity of 0.025 can be expected to increase the scattering of a hard sphere suspension at
small wavevectors by less than 2 percent, compared to the scattering from monodisperse
spheres.
We view the agreement between the model and measured static structure factors at small
wavevectors, as well as the agreement between the measured and predicted positions of the
principal peak in the structure factor, as convincing evidence that PS spheres in glycerol
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Figure 3-3: Interparticle structure factor, S(QR, 4), of PS latex spheres in glycerol at the
particle volume fractions indicated. The solid line is the expected static structure factor
for particles with a mean radius of 66.5 nm and a relative polydispersity in radius of 0.025,
distributed according to a Schultz-Zimm distribution. The structure factors are plotted
versus QR on a linear scale.
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Figure 3-4: Interparticle structure factor, S(QR, )), for PS latex spheres in glycerol at the
particle volume fractions indicated. The solid line is the expected static structure factor
for particles with a mean radius of 66.5 nm and a relative polydispersity in radius of 0.025,
distributed according to a Schultz-Zimm distribution. The structure factors are plotted
versus QR on a logarithmic scale.
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behave as hard spheres. It is apparent, however, that the structure factors measured for
particle volume fractions of 0.49 and 0.52 do differ somewhat from the model. We believe
that this may reflect shortcomings of the analytic model for the structure factor of hard
spheres at high volume fractions. Simulations of hard spheres at high volume fractions do
reveal discrepancies with the Percus-Yevick form [108, 128].
Apart from the discrepancy between the data and the model for q = 0.34 at the first
peak of the structure factor, which we do not understand, the most noticeable difference
is that the measurements exhibit a noticeably broader second peak than the model, which
plausibly may be interpreted as two broad, closely spaced peaks, occuring at QR _ 6.0
and QR -_ 6.7. The "fourth" peak occurs at QR _ 9.2, which is at a somewhat smaller
value of QR than predicted by the model. The observed ratios of these peak positions to
the position of the principal peak, which is located at QR - 3.5, are 1.7, 1.9, and 2.7,
respectively. Similar ratios are observed for the structure factor of amorphous elemental
metallic glasses, prepared by vacuum evaporation onto cooled surfaces [27, 120], although
it should be emphasized that the metallic glass peaks are narrower and more intense than
those found here. In the case of metallic glasses, it has been suggested that these peak
position ratios may indicate locally icosahedral structure [104]. Alternatively, random close
packing yields similar peak position ratios [27].
3.3 Dynamics
In the following, the dynamical characterization of our system will be discussed. After
a theoretical introduction to the expected phenomena, our experimental findings will be
presented. Specifically, the data will be discussed in light of Refs. [113, 114], where the
dynamical properties of a prototypical hard-sphere system were found to exhibit the spe-
cific scaling behavior already described in the introduction. According to Segre and co-
workers [113, 114], the ratio of the time- and wavevector-dependent diffusion coefficient
to the short-time diffusion coefficient, D(Q,t)/Ds(Q), is independent of wavevector, for
wavevectors larger than about QR - 2.5. In addition, their data suggest that the functional
form [D(Q, t) - DL(Q)]/[Ds(Q) - DL(Q)] does not only collapse over a similar wavevec-
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tor range, but also falls onto the same master curve for a finite range of volume fractions.
These findings require that the ratio between short-time and long-time diffusion coefficient,
DS(Q)/DL(Q), be constant over at least the the same wavevector range. This prerequisite
for the proposed scaling behavior could not be confirmed with our measurements.
3.3.1 Intensity Autocorrelations: Theory
This section aims to present the theoretical framework within which the results of our
dynamical measurements will be discussed. At high particle volume fractions, the inter-
mediate scattering functions we observe exhibit single-exponential behavior both at short
and at long delay times. The functions are thus naturally characterized by means of least-
squares fits to a weighted double-exponential decay, with wavevector-dependent relaxation
rates, FF and FL, as well as wavevector-dependent mode amplitudes, aF and aL. A theo-
retical treatment applicable to the system considered here is provided by Hess and Klein
in Ref. [58]. We show below how in the context of this theory the parameters extracted
from a double-exponential decay can be related to more physically defined hydrodynamic
properties of the fluid such as the friction coefficient and the rigidity.
Some insight may be obtained by calculating the Laplace transform of the intermediate
scattering function, f(Q,z). Supposing that f(Q,z) exhibits simple poles at values of z
given by z = -i, it follows that the intermediate scattering function in the time domain is
given by
f(Q,t) ai e - (3.11)
The mode amplitudes, ai, can be derived from the residues of the poles at z = -i, via
ai = FrilResz=-rif(Q,z).
In particular, for concentrated colloidal suspensions, Hess and Klein have shown that
the Laplace transform of the intermediate scattering function is of the form
f(Q,z) = (3.12)
Z+ Q2kBT/mS(Q) '
z+(Q,z)/m
where ((Q,z) is a wavevector- and Laplace-frequency-dependent friction coefficient [58].
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The difference between a simple liquid and the colloidal suspension considered in the
present case enters into Eq. (3.12) through the quantity ((Q, z). Colloidal suspensions differ
from simple fluids in that neither the momentum nor the energy of the colloidal particles is
conserved, because of the coupling to the suspending fluid. As a result, the friction coeffi-
cient in Eq. (3.12) approaches a constant value at small wavevectors, and for the diffusional
processes of interest we may neglect z compared to (Q, z) in the second denominator of
Eq. (3.12). In a simple fluid, by contrast, the friction coefficient varies as Q2 for small
wavevectors, and the z-dependence in the second denominator cannot be neglected.
The equilibrium position of each particle in a colloidal fluid is not fixed, so that applica-
tion of a steady force causes viscous flow. However, for a given particle in a concentrated
suspension, one may envisage a transient "cage" of neighbors, limiting, as it were, the
particle's motional degree of freedom, and thus imposing partial spatial confinement. Dy-
namically, such a cage structure would be characterized by a length-scale-dependent con-
figurational relaxation time. Over time scales shorter than such a typical configurational
relaxation time, an equilibrium position of these partially confined particles is established
temporarily. If a force is rapidly applied in this situation, the suspension behaves transiently
like an elastic solid, exhibiting an instantaneous rigidity. To describe approximately the re-
sponse to an applied force, viscoelastic theory interpolates in a simple fashion between
fluid-like, viscous flow behavior at low frequencies and solid-like, elastic behavior at high
frequencies. Specifically, the friction coefficient is taken to be of the form
T(Q,z) - (Q, o) + A(Q,z) . (3.13)
Here we use
A(Qz) Roo(Q)- Q 2kBT/S(Q) (3.14)
z+F3
and
= Roo(Q) - Q 2 kBT/S(Q) (3.15)
(Q, 0) - (Q, o)
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Eq. (3.12) may then be written
f(Q,z) - , (3.16)
with rs = Q 2kBT/S(Q) (Q, oo), and r2 = [R,(Q) - Q2 kBT/S(Q)]/1(Q, 0), where Ro(Q)
is the high-frequency rigidity. Physically, the variable 3 denotes the strain relaxation
rate, while r2 quantifies the extent of coupling between stress and compositional fluctu-
ations. Conventionally, one introduces Do = Q 2kBT/6mlR, which is the diffusion coeffi-
cient of identical particles in a dilute suspension, and H(Q), which is given by (Q, oo) =
6m'rR/H(Q), and which accounts for hydrodynamic interactions between the particles. In
their absence, H(Q) would take the value unity. Combining these expressions, one obtains
FS = H(Q)DoQ2 /S(Q).
According to Eq. (3.1 1), the normalized intermediate scattering function corresponding
to Eq. (3.16) is a weighted sum of two exponential decays,
f(Q, t) = aFe- rFt + aLe- rL t , (3.17)
with
rF = (rS+r2 + 13) + /(rS+r23 ,2 2
1 1
FL = 2 (FS + F2 + 3) -1 /
aF = s+F 2+173)-
F - (2 + 3)
aF =
r r-rL
aL =(172+3)-FL (3.18)
FF - FL
In writing this, we describe the overall decay of the intermediate scattering function as due
to two contributions: a fast decay with relaxation rate rF and mode amplitude aF, as well
as a long-time decay with relaxation rate FL and mode amplitude aL. As expected, we
find that the mode amplitudes sum to unity. In addition, it follows that Fs = aFFF + aLFL,
F2 = aFaL(FF - FL)2 /rs, and F3 = FFFL/rFS It is also instructive to note that, for short
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times,
12
lnf(Q,t) 1 r(-t + rF2t2+...) . (3.19)
From Eq. (3.19), it is apparent that Fs is the intial, short-time decay rate, so that one may
introduce a corresponding short-time, wavevector-dependent, collective diffusion coeffi-
cient, Ds = Fs/Q2 . Moreover, F2/Fs is the normalized second cumulant of the decay
rate distribution [29]. This indicates that F2 is a measure of the width in the decay rate
distribution.
Eq. (3.18) has a number of interesting limits. First, if F2 = 0, it follows that FL = Fs,
FF = 3, aL = 1, and aF = 0, i.e. one observes a single-exponential decay. This result
informs us that Fs is the relaxation rate of compositional fluctuations in the absence of
coupling to stress. Second, for s + r2 + 3 > rS3, one finds that FF -s + + r2 + 3,
L - rsr3/(1s + 12 + r3), aF F rs/(1s + 12 + 13), and aL " (r2 + r3)/(rs + 2 + r3).
Third, as noted in Ref. [55], the limit of F3 = 0 corresponds to an entirely elastic response,
i.e. a crystal, a glass, or a gel. In this case, it follows that FF = 1s + r2, FL = 0, aF =
rs/(rs + r2), and aL = Fr2/(r + 172).
3.3.2 Intensity Autocorrelations: Results
Representative intensity autocorrelations for delay times from 30ms to 300s, obtained for
the samples with -= 0.28 and q)=0.52, are shown at QR = 1.0, 3.5, and 6.0 in Figs. 3-5
and 3-6, respectively. It is clear that the solid lines in Fig. 3-5, corresponding to single-
exponential decays, describe the data at q = 0.28 very well. More generally, for the samples
with volume fractions of q = 0.027, 0.13, and 0.28, a single-exponential decay provides
a good description of the intensity autocorrelations versus delay time, and hence of the
intermediate scattering function, at all wavevectors studied.
By contrast, at = 0.52, a single-exponential form for the intermediate scattering func-
tion does not provide a good description of the intensity autocorrelations, as can be seen in
Fig. 3-6. Nevertheless, we observe that, at both short and long times, lnf varies linearly
with delay time, t, in agreement with Eq. (3.17). Accordingly, following Segre and Pusey,
we may introduce corresponding short-time and long-time diffusion coefficients, Ds and
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Figure 3-5: Intensity autocorrelation functions, g2 (QR,t), for PS spheres in glycerol with a
volume fraction of = 0.28, at a temperature of -5°C, and for wavevectors given by QR =
1.5, 3.5 and 6.0. Lines are the results of least-squares fits to a model for the intermediate
scattering function consisting of a single-exponential decay.
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Figure 3-6: Intensity autocorrelation functions, g2(QR,t), for PS spheres in glycerol with
a volume fraction of = 0.52, at a temperature of -5°C, and for wavevectors given by
QR= 1.5, 3.5 and 6.0. Lines are the results of linear least-squares fits within the time ranges
at short and long times for which the logarithm of the intermediate scattering function is
accurately linear.
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DL, respectively. We determined Ds and DL by linear least-squares fits over time ranges
at short and long times, respectively, within which lnf versus t does not deviate signifi-
cantly from a straight line. In Fig. 3-6, the solid lines illustrate the corresponding model
autocorrelation functions over the time ranges in question, where they clearly describe the
data well. The autocorrelations for the samples with volume fractions of q = 0.34, 0.49,
and 0.52 are not well-described by a single-exponential form for f(Q,t).
For each of the different samples, the open squares in Fig. 3-7 display as a function
of wavevector our measurements of Do/Ds, which were obtained from the slope of Inf at
small times. The most striking feature of these and earlier results [23, 88, 91, 132] is that
the inverse of the diffusion coefficient displays a peak that mimics the peak in the static
structure factor, itself illustrated as the open circles in Fig. 3-7. This informs us that low-
free-energy configurations, signaled by a peak in the static structure factor, are also long-
lived, signaled by the corresponding peak in the inverse of the diffusion coefficient. In the
absence of hydrodynamic interactions, the wavevector dependence of the inverse diffusion
coefficient would result entirely from the static structure factor [58]. Since it is clear from
Fig. 3-7 that Do/Ds and S(Q) are not identical, significant hydrodynamic interactions are
indicated. Moreover, since Do/Ds > S(Q), we may infer that hydrodynamic interactions
inhibit diffusion at all wavevectors.
Analytic calculations of the wavevector dependence of Do/Ds for hard spheres, taking
into account many-body hydrodynamic interactions, have been carried out by Beenakker
and Mazur [9]. Their predictions, shown as the solid lines, are compared to the present
measurements in Fig. 3-7, showing quantitative agreement.
At long times, only the slow component of Eq. (3.17) survives, so that the intermediate
scattering function decays exponentially at long times as well as at short times. As noted
above, one of the principal results of Ref. [ 114] is that DS/DL is independent of wavevector.
For example, for = 0.465, a ratio of DS/DL = 4.3 is reported. The scaling behavior found
by Segre and Pusey requires the proportionality of Ds and DL. Fig. 3-8 shows the ratio of
long-time to short-time diffusion coefficients, DS/DL, for the samples with particle volume
fractions of q = 0.28, 0.34, 0.49 and 0.52, plotted versus QR. For all the samples with
particle volume fractions larger than 0.28, there is a significant wavevector dependence.
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Figure 3-7: The open squares display the fitted short-time inverse diffusion coefficient after
normalization by the Einstein-Stokes diffusion coefficient, Do/Ds, and are plotted versus
QR for several volume fractions, , of PS spheres in glycerol. The solid lines represent the
model discussed in the text. The open circles show the static structure factor, S(QR, ).
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Therefore, our results do not scale in the fashion discovered for sterically stabilized PMMA
spheres in decalin/tetralin.
To further examine the extent to which the described scaling behavior is violated for
PS spheres in glycerol, we plot Inf versus delay time and volume fraction in Fig. 3-9. For
- = 0.027 and 0.13, the data evidently collapse to a single straight line with a slope of - 1,
as expected for the single-exponential form of the intermediate scattering function at these
volume fractions. For the data obtained at = 0.28, there appears to be a slight deviation
from linear behavior with a slope of -1 at times beyond 5 s. For the samples with volume
fractions of q = 0.34, 0.49, and 0.52, there is a clear deviation from a slope of -1. With
increasing volume fraction, this deviation actually occurs at progressively earlier scaled
times, DsQ2t. (Data not shown.) At later times, at each value of QR, there is a crossover
to a new linear behavior. The long-time slopes differ from one value of QR to the next,
corresponding to different values of DS/DL at different values of QR. It is apparent that the
data do not reduce to a single curve, so that the proposed scaling behavior is violated.
For completeness, we collect in Fig. 3-10 the results for aF/aL, FF/FL, F2 , and F 3,
deduced from least-squares fits to the measurements on our three most concentrated sam-
ples. Specifically, we show data for volume fractions of 0.34, 0.49 and 0.52, plotted versus
QR. Let us first consider the ratio between the respective amplitudes of the two modes
contributing to the decay in Eq. (3.17). The bottom row of panels in Fig. 3-10 shows this
ratio, aF/aL. Across all three volume fractions, we find a distinct drop at a value of QR
close to that of the principal peak in the static structure factor. Accordingly, the locus of the
minimum in aF/aL apparently shifts towards slightly smaller values of QR for smaller vol-
ume fractions. The fact that we observe a minimum in aF/aL at those wavevectors signifies
the dominance of the long-time decay for the long-lived, low-free-energy configurations of
the sample. In terms of the intuitive physical picture introduced earlier, one might reason
that the slow configurational relaxation of a transient "cage" structure dominates over faster
relaxations due to viscous, localized flow of particles partially confined by their neighbors.
The impact of such caging effects on the relaxation spectrum of a sample would be
expected to decrease for smaller particle volume fractions. For in less concentrated sys-
tems, the partial confinement of single particles imposed by their neighbors should be less
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Figure 3-8: Ratio of short-time to long-time diffusion coefficients, DS/DL, plotted versus
QR for several volume fractions, , of PS spheres suspended in glycerol.
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Figure 3-9: Logarithm of the intermediate scattering function after normalization by the
short-time relaxation rrate, Fs 1 Inf, for PS spheres in glycerol at the indicated volume
fractions, 4, plotted versus delay time. The solid lines represent single-exponential fits to
the long-time behavior.
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significant, and viscous flow processes should gain more importance for the relaxation of
equilibrium fluctuations. In fact, in the extreme limit of a dilute suspension, caging effects
bear no significance whatsoever. We may qualitatively follow this behavior by considering
the ratio F/rFL between the two decay rates in Eq. (3.17), as shown in Fig. 3-10. With
decreasing volume fraction, the two decay rates become more commensurate. This might
be interpreted to imply that the distinction between a long-time decay corresponding to the
relaxation of fluctuations in a transient cage structure on the one hand, and a fast decay
corresponding to processes of partially confined diffusion on the other hand, becomes less
clearly defined. As was discussed earlier, for particle volume fractions smaller than about
0.30, we observe a single-exponentional decay in the intermediate scattering function, and
the above distinction becomes meaningless. Interestingly, the data for F/FL exhibit a
smooth decrease with QR for particle volume fractions of 0.52 and 0.49. At a volume frac-
tion of 0.34, by contrast, the ratio FF/FL appears to reflect the local extremum in the static
structure factor.
In the discussion of Eq. (3.18), it was pointed out that the limit of F3 = 0 describes the
regime of an entirely elastic response. Considering the data on F3 presented in Fig. 3-10, we
find that the measured values for F3 are largest at the lowest volume fraction considered, 0=
0.34, for all wavevectors probed. We note that the limit F3 -- 0 is most closely resembled
by the data from systems with larger particle volume fractions. This would agree with the
expectation that a solid-like, elastic response is most likely to be observed in dense colloidal
suspensions, where partial, transient ordering can take place. Finally, in considering the
behavior of the decay rate F2 shown in Fig. 3-10, we again observe a reflection of the
broad first-order structure factor peak for a volume fraction of = 0.34, in contrast to the
measurements for the other volume fractions. Overall, it seems as if the extent to which the
decay rates are affected by the wavevector dependence of the liquid structure factor is least
significant for the most concentrated sample, at a volume fraction of q = 0.52.
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Figure 3-10: Ratio of decay rates and mode amplitudes for the double-exponential model
discussed in the text, FF/FL and aF/aL. Also shown are the relaxation rates 2 and 3. All
quantities are plotted for the indicated volume fractions, 4, as a function of QR.
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3.4 Dynamics and Stabilization
In conclusion, we have presented a detailed dynamic and static x-ray scattering study of
diffusion and structure in a concentrated suspension of hard-sphere, PS latex particles in
glycerol. We do not find a previously observed proportionality between short- and long-
time diffusion constants, nor scaling behavior. The discrepancies between the results of
Ref. [114] and our measurements may be an indication that the dynamical behavior in
sterically stabilized systems is distinct from that of charge-stabilized systems, even though
differences in the static structure are negligible. In this regard, it may be pertinent to re-
call the observation [89] that the low-shear-rate viscosities of "hard-sphere dispersions"
appear to fall into two bands. The higher viscosity band includes the results of several
measurements performed on PMMA-PHSA dispersions; the lower viscosity band includes
measurements on PS and silica suspensions in both aqueous and non-aqueous liquids.
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Chapter 4
Predictions for the Dynamics of
Entangled Homopolymer Blends
Recent success in measuring the intermediate scattering function of an entangled homopoly-
mer blend on microscopic length scales and over macroscopic time scales will be docu-
mented in Chapter 5. Those measurements suggest that the emerging technique of x-ray
photon correlation spectroscopy (XPCS) may soon advance far enough to yield results
which may be compared to detailed theoretical predictions. Specifically, the XPCS mea-
surements stimulating this chapter probe length scales comparable to or smaller than the
radius of gyration of the component chains within a miscible polymer blend, and access de-
lay times within the viscous response of the transient network. The theoretical framework
applicable to this region of dynamic phase space is the reptation model [43, 39], describing
the relaxation spectrum of entangled polymer chains.
The reptation hypothesis [37, 43] stipulates that a single polymer can be treated as
confined within a tube with boundaries construed as the microscopic entanglements with
the surrounding chains. These entanglements pose transient topological constraints on each
chain [44, 47], forcing its dominant large-length-scale motion to be a creep along the tube's
curvilinear path. The collective modes present in a blend of different species are taken
to be expressed via the dynamic random-phase approximation (RPA) [22, 46, 115]. The
presence of different species introduces complexity to the phenomenology beyond that in
melts, generally adding interactions between different chains, and introducing a second set
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of spatial chain parameters, as well as a second microscopic time.
In this chapter, we revisit explicit theoretical predictions for the relaxation spectrum
of an entangled, binary homopolymer system in the one-phase region, pointing out funda-
mental differences between the reptative relaxation spectra of melts and blends that have
not previously been emphasized. Specifically, in the context of the dynamic RPA we find
that for each relaxation mode present in a melt, the relaxation spectrum of a binary blend
contains an additional, collective relaxation mode. For certain, experimentally feasible
blend parameters, higher-order modes are even seen to dominate the principal mode of the
multi-exponential relaxation spectrum.
In addition to reptation, we expect each polymer in a blend to undergo faster Rouse
motions within its confining tube [101]. These modes relax compositional fluctuations
at smaller distances and shorter times than likely can be studied with XPCS. The fast
relaxational mechanism can, however, be probed via neutron-spin-echo (NSE) measure-
ments [109]. In such experiments, the intermediate scattering function is observed to dis-
play an initial short-time decay and then to approach a non-zero plateau value, which per-
sists to times at least as long as can be achieved with the NSE technique. The subsequent
decay of the intermediate scattering function, inaccessible with NSE, can be character-
ized by means of XPCS. Coherent x-ray scattering and NSE should thus be considered
complementary scattering techniques for probing the dynamic structure factor of entangled
polymeric systems on microscopic length scales. Both experimental approaches can in
principle access length scales that cannot easily be studied with dynamic light scattering.
In Ref. [117], Semenov and co-workers present a general theory for the calculation of
the intermediate structure factor applicable to entangled diblock copolymer solutions. Their
predictions, based on the RPA approach and the classical reptation model, are compared
to dynamic light scattering studies, in which three distinct relaxation modes are found
to exist in a diblock copolymer solution. The authors attribute the observed relaxation
modes to cooperative, Rouse-like, and reptative relaxation, respectively. The experiments
were performed on a homogeneous system in the vicinity of an order-disorder transition,
leading to a significant enhancement of the scattering signal. Moreover, in order to render
such measurements feasible, diblocks of very large molecular weight had to be used in
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semidilute solution, placing the local maximum of the diblock static structure factor in the
wavevector range accessible to light scattering.
This chapter is organized as follows. In Section 4.1, we review several key results
concerning reptative dynamics. The intermediate scattering function and the susceptibility
of a single chain are presented, the formalism of the dynamic RPA is introduced, and the
overall wavevector dependence of the reptative decay spectrum is discussed. For applica-
tions of the dynamic RPA to polydisperse blends, the reader is referred to Appendix B. In
Section 4.2, analytical approximations for the relaxational modes in blends are compared
to numerically determined relaxation spectra and mode amplitudes in entangled, binary
blends. There, we also briefly recall the open question of whether it is the slow or the
fast component in a binary polymer blend that dominates collective diffusion. Experiments
aiming to resolve this issue are proposed. Section 4.3 presents the central result of this
chapter, that it is possible for the intermediate scattering function in asymmetric blends to
be dominated by higher-order modes. The strength of the higher-order modes is character-
ized throughout the parameter space of a polymer blend, and the lineshape of the resulting
intensity autocorrelation function measured via photon correlation techniques is compared
to that of a single-exponential decay. Since microscopic measurements of the intermediate
scattering function of polymer blends suffer from significant statistical noise, we suggest
how data with low signal-to-noise levels may be compared to the theoretical models pre-
sented herein.
4.1 Review of Previous Work
The complete intermediate scattering function of an entangled polymeric system, f net (Q, t),
can be modelled as a superposition of distinct relaxation spectra. This superposition may
be written in the form
f net (Q,t) = Arept (Q) frePt (Q,t) (4.1)
+ [1-Aret (Q) ] f rapid(Q,t)
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The function f ret (Q, t) describes the reptative relaxation spectrum of a transient network
of entangled chains. The function fraPid(Q,t), in contrast, describes the far more rapid
relaxations due to motions on the segmental level of the chains. The underlying, fast modes
belong to the Rouse spectrum [101]. Both functions satisfy the requirement that f(Q, t -
0) = 1. The two relaxation spectra are governed by vastly different fundamental time scales.
As a consequence, the intermediate scattering function for an entangled polymer system
reaches a wavevector-dependent plateau value at times larger than the characteristic Rouse
relaxation time, and smaller than the chain disentanglement time.
4.1.1 The Amplitude of the Reptative Decay Spectrum
The quantity A rept (Q) in Eq. (4.1) denotes the wavevector-dependent amplitude of the rep-
tative decay spectrum. We expect this quantity to decrease with increasing wavevector. The
smaller the length scales probed, the more dominant the influence of the fast, segmental
motion on the observed equilibrium fluctuations will be. In the framework of the classical
reptation model, the mode amplitude of the curvilinear creep in melts is hypothesized to be
given by
A rept exp Qd (4.2)
36 (4.2)
where d is the distance between entanglement points in the transient network [39]. The
entanglement distance identifies the characteristic length scale on which the amplitude of
the reptative decay spectrum, A rept (Q), becomes insignificant.
Measuring the Entanglement Distance
The entanglement length, d, can be extracted from NSE measurements by performing a
least-squares fit of Eq. (4.2) to the wavevector dependence of the measured plateau value
in the normalized intermediate scattering function. Representative NSE data by Farago and
co-workers [109] have already been presented in Fig. 1-7 of this thesis. These data were
acquired on a sample of hydrogenated 1,4-polybutadiene, and indicate an entanglement
distance of d = 4.60 ± 0.01 nm.
More commonly, entanglement distances are derived from the plateau modulus ob-
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Figure 4-1: Overall shape of the shear relaxation modulus, G(t), in the time domain. The
quantity G() denotes the plateau modulus. The onset of reptative behavior is marked by
te, and d refers to the disentanglement time. The quantities M and M' specify arbitrary
molecular weights significantly larger than the entanglement molecular weight. Graph from
Ref. [44].
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served in rheological experiments. The principles underlying such measurements are de-
scribed in Chapter 7 of Ref. [44]. Rheological measurements may probe the shear relax-
ation modulus, G, covering several orders of magnitude in the time or frequency domain.
The overall, characteristic shape of this response function in the time domain is illustrated
in Fig. 4-1. Two characteristic times are indicated in the figure, te and Td. For times longer
than te, the Rouse behavior is limited by tube constraints, and any further relaxation is
bound to proceed by means of the disengagement of the chains from their initial tubes.
The time te thus marks the onset of reptative behavior. The quantity td denotes the so-
called "disentanglement" time, the time necessary for a single chain to escape from the
tube of its initial confinement. Fig. 4-1 illustrates that the function G(t) is nearly flat over
the region te < t < d. One finds that te is independent of molecular weight, M, while a
strong dependence on molecular weight, d o M 3 -4, is observed for the disentanglement
time. As a result, the width of the plateau region in G(t) increases with increasing molec-
ular weight. By contrast, the height of the plateau, in the following referred to as G (° ),
appears to be independent of molecular weight. Similar conclusions may be drawn from
rheological measurements on the storage modulus, G'(co), which represents the real part of
the temporal Fourier transform of G(t).
Within the framework of the reptation model, the plateau modulus can be related to a
characteristic molecular weight, Me, which is interpreted as the molecular weight between
entanglement points. It is derived as Eq. (7.52) in Ref. [44], yielding
Me G() pRT (4.3)
The quantity p refers to  polymer w ight  unit volume, R to the gas constant, and
The quantity p refers to the polymer weight per unit volume, R to the gas constant, and
T to the absolute temperature. One may then proceed to infer the end-to-end distance of
a (partial) polymer chain with molecular weight Me. This quantity will be referred to as
(RMe), and for chains of molecular weight M, it may be obtained from
(RMe) 2 = Me (R2e). (4.4)M e-e
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In this expression, (R is used to denote thie root-mean-square end-to-end vector of the
chains, which can be inferred from small-angle neutron scattering measurements. The re-
sulting (RMe) may sensibly be regarded as a measure for the average distance between en-
tanglements, d. More precise calculations, carried out in the context of deriving Eq. (7.54)
in Ref. [44], lead to d2 0.8 (RMe)2 .
The entanglement distance may thus be inferred from the plateau modulus via the rela-
tionship
d2 = (R2) pRTd  (4.5)
5 M G(0)N
This equation is considered one of the fundamental results of the Doi-Edwards theory relat-
ing macroscopic viscoelastic properties to the microscopic chain confinement [99]. Using
Eq. (4.5), one may now compare the above-mentioned NSE data on hydrogenated 1,4-
polybutadiene with heological measurements of the entanglement distance. Using data
on the plateau modulus of the same system [26], Farago and co-workers deduce an entan-
glement distance d _ 4.2nm, in agreement with their own NSE measurements to within
10 percent.
Entanglement Distances in Diblocks, Blends, and Solutions
So far, the concept of the entanglement distance has only been discussed for polymer melts.
As pointed out by Brochard, the entanglement length in solutions is dependent on the qual-
ity of the solvent [20]. In good solvents, where the polymer chains are stretched compared
to the behavior of a Gaussian chain, the coherence length, 4, is also a measure for the dis-
tance between entanglements, which is given by the mesh size of the chains in the solution.
The situation is different in the case of 0 solvents, where the effective interaction between
monomers vanishes. The correlation length, i, is then not equal to the distance between
entanglements. Rather, on length scales smaller than , the pair correlation function will be
dominated by the self-correlation function of an ideal, isolated chain, and the chains will
be self-entangled. The concentration dependence of the entanglement length both in good
solvents and in 0 solvents is further discussed in Ref. [34].
Despite the existence of models for the entanglement distance in homopolymer solu-
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tions, it remains unclear how to apply the tube concept to systems containing more than one
polymer species, such as diblock copolymer systems, homopolymer blends, or solutions of
either one of these. In Ref. [1 17] discussed above, Semenov and co-workers are faced with
the difficulty of determining the entanglement molecular weight, Me, for a diblock copoly-
mer solution. In order to compare their experimental data to theoretical predictions, they
first estimate Me for a diblock copolymer system not containing any solvent by using data
on the corresponding two pure homopolymer melts, and by subsequently employing a mix-
ing rule for the plateau modulus of a homogeneous homopolymer blend. Such a mixing
rule is proposed in Ref. [35],
(0)) (0) 
[N - ))12 t)2] (4.6)
where G(0) , i, and i refer to the plateau modulus, the volume fraction, and the statistical
segment length of polymer species i, respectively. The quantity G(0) denotes the plateau
modulus of the blend, and 12 a mean statistical segment length for the blend. The de-
pendence of £12 on £1 and 2 remains unexplained. In cases where the statistical segment
lengths of the two components may be considered equal, the relationship £12 - £1 2 £2 is
used to simplify Eq. (4.6) accordingly.
Once the mixture's plateau modulus has been obtained, an entanglement distance can be
inferred for blend and diblock systems on the basis of Eq. (4.5). The result could possibly
be applicable to both homopolymer blends and diblock copolymer systems not containing
any solvent. Semenov and co-workers investigated diblock copolymers in a non-selective
good solvent, and accordingly chose to model the concentration dependence of the entan-
glement length by means of the prediction for homopolymer solutions in good solvents,
d oc 0 - 1, where q refers to the combined volume fraction of the diblock copolymer [34].
The authors thus succeed in arriving at an estimate for the entanglement molecular weight,
but nevertheless concede that the resulting values "are quite uncertain" [117, p. 6292]. This
emphasizes the lack of a formal theory deriving an effective entanglement distance for sys-
tems comprising more than one polymer species. For homopolymer blends, in particular,
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no straightforward generalization of Eq. (4.2) has been suggested so far.
The remainder of this chapter is exclusively concerned with the properties of the func-
tion f rept (Q, t) for entangled melts and blends. Those are independent of the overall am-
plitude of the reptative decay, Arep (Q). Since the quantity ArePt(Q) can in principle be
measured independently, dynamic scattering experiments in the long-time regime may di-
rectly address the behavior of the reptative decay modes described by frept (Q,t). In the
following, we will simply refer to this function as f(Q,t).
4.1.2 Time Domain and Laplace Space
The normalized intermediate scattering function of a system, f(Q, t) =S(Q, t)/S(Q), where
S(Q) denotes the static structure factor, is related to the wavevector- and Laplace-frequency-
dependent susceptibility, t(Q, p), via the fluctuation-dissipation theorem. Specifically, we
have [117]
S(Q,t) = S(Q) _am(Q) exp [-rm(Q) t], (4.7)
m
where the relaxation spectrum, Fm(Q), is derived from
a-l [Q, p = -rm(Q)] = O (4.8)
and the mode amplitudes, am(Q), are calculated as the residues corresponding to these pole
singularities,
1
am(Q) = S(Q) ro(Q ) Resp=-rm(Q)O a(Q,p) . (4.9)S(Q) Fm(Q)
The mode amplitudes calculated in this chapter, am(Q), are normalized to unity, m am(Q) =
1, which is equivalent to the condition that f(Q, t - 0) = 1.
4.1.3 Single-Chain Intermediate Scattering Function
The simplest case of reptative dynamics occurs in a melt of monodisperse, entangled
chains. To introduce its main features, and to allow generalization to the case of blends, we
will address the description of such a system both in the time domain, and in Laplace space.
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Correspondingly, we will provide expressions for the intermediate scattering function and
the susceptibility of a single chain.
The intermediate scattering function of a single, labelled chain in a monodisperse melt
of chemically identical chains has been calculated in Ref. [43], and is given by
S(Q,t)=sin 20 exp m (4.10)
all Om>0,
0m tan 0m = L
where
1 2
R22 (4.11)
with Rg denoting the chains' radius of gyration. The variables Om refer to positive solutions
of the equation
m tan Om = u . (4.12)
The variable m of Eqs. (4.10) and (4.12) labels the chain relaxation modes, and will here-
after be referred to as the "mode number". On the basis of the equations introduced so far,
the index m could refer to an arbitrary sequence of labels. For the case of a monodisperse
polymer melt, however, the index m is sensibly chosen to refer to the sequence of odd
integers, m = 1,3, 5,..., in light of the limiting cases discussed below.
The corresponding relaxation rates are given by Fm(Q) = 402/(1C21Td). We assume
throughout this chapter that the static structure of the polymer molecules is well-described
by the Gaussian-chain model, where R 2 -- 1N 2 , with N the degree of polymerization andg 6
f the statistical segment length. The two chain characteristics Rg and td define the funda-
mental length and time scales in which the dynamic phase space of the system's relaxation
spectrum is naturally parameterized.
For comparison with the blend results presented below, we consider two limiting cases.
For u << 1, Eq. (4.10) reduces to a single-exponential decay. Eq. (4.12) then leads to 01 
v7 << 1, implying a relaxation rate proportional to the square of the wavevector, Fc =
DCQ2. The quantity Dc refers to the macroscopic diffusion constant and is given by Dc =
2R2/ (Ti2td). For Lu > 1, probing distances smaller than the coil radius, one finds that Om £
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Figure 4-2: Relaxation spectrum, Fr, of an entangled, monodisperse homopolymer melt.
The relaxation rates shown on the ordinate are normalized by the disentanglement time, Td,
and are plotted versus the square of the normalized wavevector, Q2R . Indices identify the
mode number, m.
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x 1,3,5.... Consequently, in this limit the normalized intermediate scattering function
reduces to
8 1 2fo(t) = 2 E l2 exp - . (4.13)
Id J
m=l
m odd
Eq. (4.13) describes the so-called "non-diffusive" regime of polymer melt dynamics, where
the reptative relaxation spectrum evident in the intermediate scattering function becomes
independent of wavevector. In this regime, the melt relaxation rates are given by Fm =
m 2/td, where m denotes an odd integer. In light of this limiting case, the mode numbers m
for the melt case of Eq. (4.10) were assigned to be odd integers.
4.1.4 Single-Chain Susceptibility
The intermediate scattering function of Eq. (4.10) can be transformed to Laplace space,
yielding the susceptibility [115]
o 0 (Q,p)= 1u (u cotho+2 1+coth/4) > 0 , (4.14)
C- ,2+ 2 (/iC aoto-2 l+coth) P < 0,
where
o= (r/2) Iptd · (4.15)
An inverse Laplace transformation can be performed on Eq. (4.14) by applying Eqs. (4.7), (4.8)
and (4.9). Doing so requires determining the poles of the susceptibility ao(Q,p), and cal-
culating the corresponding residues. As expected, this procedure recovers the intermediate
scattering function in the time domain, given by Eq. (4.10).
The solid lines in Fig. 4-2 show the relaxation spectrum of a monodisperse homopoly-
mer melt. The relaxation rates, Fm for odd m, are shown as a function of the square of the
wavevector, Q2 R2, for mode numbers from 1 to 5. At very large wavevectors, we observe
a crossover towards a wavevector-independent relaxation rate. The corresponding mode
amplitudes are shown in Fig. 4-3. We can find a crossover similar to the one evident in
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Figure 4-3: Mode amplitudes, am, for the case of a monodisperse homopolymer melt.
The amplitudes for poles of different order are shown versus the square of the normalized
wavevector, Q2R2. The indices identify the mode number, m.
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the relaxation rates. In the limit of probing length scales smaller than the coil sizes, for
Q2 R2 > 1, the mode amplitudes also approach wavevector-independent values which de-
crease with increasing mode number. In this non-diffusive regime of polymer dynamics,
the weighted relaxation spectrum of the melt becomes independent of wavevector. The
observed crossover is consistent with the two limiting cases mentioned above.
In the limit of probing very large length scales (Q 2R2 << 1), all higher-order poles
(m > 1) approach zero weight, and the intermediate scattering function reduces to a single-
exponential decay. The latter conclusion goes along with a Q2-dependence of the relaxation
rates at small wavevectors. At larger wavevectors, higher-order poles acquire finite weights,
and the lineshape in the time domain becomes multi-exponential. Figs. 4-2 and 4-3, in fact,
display the results of a numerical procedure, which we have developed in order to calculate
the mode relaxation rates and amplitudes in binary blends (see below). Applying this pro-
cedure to a melt, we may compare the numerical results at large wavevectors to Eq. (4.13).
This comparison has been carried out in Fig. 4-4, for both the mode relaxation rates and the
mode amplitudes. Evidently, the numerical calculations provide a good description of the
analytical limit. In addition, Eq. (4.10) was compared numerically to the inverse Laplace
transform of Eq. (4.14), leading to full agreement within numerical accuracy.
4.1.5 The Random-Phase Approximation
So far we have considered the single-chain response function. The dynamic RPA provides
a procedure with which effects due to the existence of interactions and due to the presence
of multiple species can be modelled. The framework accounts for the presence of different
polymer species by providing a mechanism for combining single-chain susceptibilities,
ooi(Q, p), to a collective susceptibility, Uo(Q, p). For a binary blend, the result is that [115]
a(Q,p)-1 = {vo{[lvlNool(Q,p)] 1
+ [ 2v2N20o2(Q,p) ] } , (4.16)
where ij, vi, and Ni refer to the volume fraction, the volume of a statistical segment, and
the number of statistical repeat units, respectively, of polymer species i. The quantity vo
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denotes the volume of an arbitrarily chosen reference monomer. Eq. (4.16) could be em-
ployed for modelling the relaxation spectrum of a monodisperse, binary polymer blend
without any interactions except for those due to excluded volume effects. Such a system
may be approximated by a blend of chemically identical polymers containing one hydro-
genated and one deuterated fraction.
In the context of a binary system of two chemically distinct polymers, the dynamic RPA
introduces an interaction parameter, X, to model the susceptibility for the interacting sys-
tem, a(Q, p). In terms of the susceptibility for the corresponding non-interacting system,
ao(Q,p), one obtains
(Q,) 1 - 2 Z ao(Q,p) (4.17)
where the interaction parameter is relative to the volume of the reference monomer, vo.
Eq. (4.17) could, for example, be used to describe the relaxation spectrum of a single,
monodisperse chain species in solution, provided the system is at its 0 point, where the
chains obey Gaussian behavior. Such a description would require using ao = Q1lN1 ol1 vl /vo,
where 1 denotes the volume fraction of the polymer, 1 -ql the volume fraction of the sol-
vent, anl the response function for the polymer species, and vl the volume of a statistical
chain segment.
To model the collective susceptibility for a binary blend of chemically distinct poly-
mers, Eqs. (4.16) and (4.17) can be combined, leading to
G(Q,p)- 1 = vo {[OlviNlaolo(Q,p) ]1
+ [ 2 v 2N 2 ao2(Q,p)f] - (4.18)
V0
This expression is applicable to monodisperse systems. In combination with Eqs. (4.7), (4.8),
and (4.9), the problem of calculating the blend's intermediate scattering function is reduced
to finding the poles and the corresponding residues of Eq. (4.18). Polydisperse systems can
also be modelled within this framework, as is outlined in Appendix B.
For the static structure factor, detailed models applicable to multi-component systems
exist [10, 11, 59]. In this chapter, the static scattering cross section due to compositional
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Figure 4-4: Melt dynamics in the limit of large wavevectors, Q2R2 = 1200. The open sym-
bols show numerical results, while the solid lines illustrate the analytical limit of Eq. (4.13).
(a) Normalized relaxation rates versus mode number, m. (b) Amplitude versus mode num-
ber. Note that relaxational modes in a melt only occur at odd integer mode numbers. The
solid curves are a continuation of the m-dependences seen in Eq. (4.13).
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fluctuations in a homogeneous blend of two monodisperse homopolymer species is calcu-
lated by means of the static RPA [122]. The resulting expression for the static structure
factor is formally equivalent to Eq. (4.18), with the collective susceptibility, a, replaced
by the static structure factor, and the single-chain susceptibilities, aoi, by the single-chain
form factors. For Gaussian chains, the single-chain form factors are described by Debye
functions,
2
Pi()= 2 (expu-1 +u) withu=2yi, (4.19)
U2
which reduce to
2 2
Pi() - (4.20)
u Q2 R2
in the large-wavevector limit, u >> 1.
4.2 Collective Dynamics of a Binary Blend
In the following, analytical expressions for the collective relaxation spectrum in an entan-
gled, binary blend will be presented, and subsequently be compared to numerical calcula-
tions. The numerical results will describe the continuous crossover from the diffusive to
the non-diffusive regime of polymer dynamics.
4.2.1 Analytical Results
In this section, we will consider the generalized susceptibility of a blend system in two
regimes: in the limit of small wavevector (Q 2 Rg <<1 and Q2Rg2 < 1), and in the limit of
large wavevector (Q 2Rg 1> 1 and Q2R 2 > 1). These conditions identify different dynami-
cal regimes. We treat the case of a binary, monodisperse blend of two species with separate
disentanglement times, differing spatial parameters, and arbitrary volume fractions. By
considering the two limits mentioned, we will be able to reach our results analytically.
Doing so provides us with an independent verification of the numerical findings discussed
below. Moreover, the analytical results will allow us to conclude that all the relaxational
modes in a blend are indeed of a collective nature, in that both the relaxation rates and the
corresponding amplitudes depend on properties of both polymer species.
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We now consider Eq. (4.18) in the limit of small wavevector, defined by ul < 1 and
/t2 << 1. With the further assumptions that 1 << oe, 2 << 2, o << 1, and c2 << 1, one
obtains
(Q ,p)- l ( v O + 2 v 2N 2 X (4.21)
1lvI -2V2N2
C2VO dl TId2
2Q2 kIvINIR g 42 v2N2R 2 /
This susceptibility gives rise to a single-exponential intermediate scattering function with
a relaxation rate
- DcQ2 _ (qvlN)-' + ( 2v 2N2)- - 2X/vo4.22)2 2= DQ 2 - + (4.22)
ch c =(R1dND a)-1 + (2V2N2D2)- 
where D1 = 2R 2 /(: 2 tdl), and D2 = 2R22/(7 2td2). Evidently, the decay of the intermedi-
ate scattering function is diffusive, with a collective diffusion coefficient Dc.
It is important to note that Eq. (4.14), and consequently Eqs. (4.18) and (4.22), im-
plicitly assume that reptation occurs in a matrix of fixed obstacles. Brochard considered
collective diffusion in the more realistic case that reptation occurs in a moving tube [21],
and obtained the collective diffusion coefficient in the limit of small wavevectors as
Dc Brochard = ( (4.23)
oqlvlN v202N2 vO
x 142 (lvlN 1 D 1- +q 2 v2 N 2 D2 ) ·
The predictions of Eq. (4.22) and Eq. (4.23) are quite different. Eq. (4.22) implies that the
slower component among the two controls the collective diffusion coefficient. By contrast,
Eq. (4.23) predicts that the faster component among the two will dominate.
Semenov argues, however, that intuitive arguments can be given which support either
one of these two, contradictory results [116]. The "fast diffusion idea", with Semenov, is
based on the notion that the fast chain component would be capable of rapidly diffusing
into a matrix of the slower chain component. The faster component would thus drive the
process of mixing, and thereby relax any compositional fluctuations, dominating collective
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diffusion. Semenov also describes the notion underlying the "slow diffusion idea". One
might reason, he points out, that any reptative motion of fast chains into a matrix of slower
chains necessitates that the slow molecules move elsewhere first. The incompressibility
of the system would force the faster chains to remain at their positions until the slower
ones had freed space for them. The process would then be dominated by the slower chain
component.
Any such reasoning will remain speculative until systematic measurements of the col-
lective diffusion constant have been performed. Those could be carried out on a monodis-
perse, binary blend system with a well-characterized static scattering cross section. The
system would preferably consist of two long-chain components with distinct disentangle-
ment times. Measurements of the relaxation rate as a function of wavevector and composi-
tion, Fc(Q, 4l), would then yield the collective diffusion coefficient, Dc,(1), in the limit of
small wavevectors. The latter could be directly compared to Eqs. (4.22) and (4.23). Exper-
iments on blends of poly(ethylene oxide) and poly(methyl methacrylate) demonstrate that
measurements of this kind are already technically feasible by means of XPCS (Chapter 5).
According to Eq. (4.18), with increasing wavevectors the role of the interaction param-
eter, X, becomes progressively less important in determining the mode structure. Thus in
the limit Q2R 1 l , g Q2 Rg 2 , we may neglect X. Further assuming 1 <<#uI and cY2 <<12,
Eq. (4.18) becomes
a(Q, P)-- Q1 (xl l cot G1 + x22 cot 2) (4.24)
where xi = £2/(q1Ivl) and x2 = /2/(q2v2), with il and £2 denoting the statistical segment
lengths of the two chain species.
Since the wavevector appears in Eq. (4.24) only as an overall factor, the predicted re-
laxation rates and mode amplitudes are independent of wavevector. We thus recover the
result found for single-chain reptative relaxation, that the relaxation of equilibrium fluctua-
tions becomes independent of wavevector when probing length scales significantly smaller
than the component radii of gyration. This is a key result of the reptation model: on length
scales smaller than the coil size, but greater than the distance between entanglements, re-
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laxation occurs no faster than the disentanglement time, irrespective of wavevector. Within
the framework of the model, this result can be understood intuitively. For a density fluctua-
tion on a length scale in the described range to relax, the entire chain must reptate out of its
tube of initial confinement. This process will always require a time interval corresponding
to the disentanglement time, independent of the actual length scale on which the density
fluctuation occurred.
The decay of the intermediate scattering function involves an infinite, discrete spec-
trum of exponential relaxations, each one corresponding to a different pole of Eq. (4.24).
Specifically, there are modes with decay rates approximately given by
Fm odd m2 ( V d+X2 )d2 (4.25)
Xl 1dl + X2Td2
form= 1,3,5... , and
Fr even m[ L1+X2 ) i NJjd2 g (4.26)(XI +X2 ) d\/Td/
form= 2,4,6... 
with the same notation as used above. For the corresponding mode amplitudes, we obtain
1 8 XlTdl X2Td2
am odd m2 ;2 (X1 +-x2 ) (XI dl+/ x2d2 (4.27)M Ir I X(X l V/~ -x2 ~V-)2
for m = 1,3,5... , and
a 2 xlx 2 I( _ d2 (4.28)
meven\Xl/q+X2 d/
for m = 2,4, 6...,
where we have used that in the large-wavevector limit, the static cross section of the system
reduces to
S0(Q) - - Q2° (XI +x2) . (4.29)
Eqs. (4.25)-(4.28) are applicable only if the two disentanglement times do not deviate sig-
nificantly from their common mean. In order to overcome this restriction, in a later sec-
tion we will turn to numerical methods. When xl =x2 and dl = d2, the amplitudes of
Eqs. (4.27) and (4.28) reduce to am odd = 8/(1c2 m2 ) and am even = 0. At the same time, the
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relaxation rates of the odd-numbered modes simplify to Fm odd - m 2 /td, and the melt case
described by Eq. (4.13) is recovered.
For a blend, the even-numbered mode amplitudes of Eq. (4.28) do not exhibit a depen-
dence on mode number. Given the infinite number of even-numbered modes, this result
inevitably contradicts the requirement that the mode amplitudes am of Eq. (4.7) sum to
unity. This inconsistency can be reconciled by noting that Eq. (4.28) was derived by an
expansion of or, a2 about even multiples of n. With increasing mode number, the devia-
tion of oI, c2 from even multiples of it becomes more significant, and Eq. (4.28) loses its
validity. Consequently, we expect Eq. (4.28) to hold for a limited number of modes only.
All the relaxation rates and amplitudes obtained are dependent on the material constants of
both species, signifying the collective nature of all modes considered here. How the con-
siderations described by Brochard [21] might affect the large-wavevector dynamics has not
to our knowledge been considered. Thus whether Eqs. (4.25)-(4.28) survive such a change
or how they may be modified remain open questions.
4.2.2 Numerical Results
Thus far, we have only considered blend relaxation in the limits of very small and very
large wavevectors. To expand the scope of our investigation to wavevectors located in the
crossover region between these two extremes, and to consider arbitrary deviations between
the disentanglement times of the two blend species, we turn to the numerical procedure
mentioned above. The calculations were performed by a computer algorithm written in the
interpreted Yorick language [79], and executed on a SUN Ultra 1 workstation. Both melt
and blend systems could be modelled by the same routine. The melt case was simulated by
defining a binary blend of two equal components.
To discuss the blend relaxation spectrum, it is instructive to consider first the simplest
case of a binary, monodisperse homopolymer blend. The latter is given by a symmetric
blend, for which both species occupy equal volume fractions, 41 = 1-q2 = 1/2. Further-
more, the two chain species involved are supposed to be spatially equivalent, exhibiting
identical degrees of polymerization, specific volumes, and persistence lengths, implying
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Figure 4-5: Relaxation spectrum, Fm, of an entangled, symmetric, binary blend of monodis-
perse chains in the one-phase region. The modelled system is a symmetric blend, q1 =
1 - 42 = 1/2, with two chain species of equal radius of gyration, Rg = Rgl = Rg2. The dis-
entanglement times are given by tdl = td( + E) and td2 = td (1 - £) for polymer species 1
and 2, respectively, with £ = 0.01. The interaction between the two species is assumed to
be zero, X = 0. The relaxation rates shown on the ordinate are normalized by the average
disentanglement time, td, and are plotted versus the square of the normalized wavevector,
Q2R2. The indices identify the mode number, m. The solid lines indicate the relaxation
rates of the odd poles, while the dashed lines identify those of the even poles.
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equal radii of gyration, Rg = Rgl = Rg2. Similarly, the two species were assumed not to
interact other than via their excluded volume, corresponding to X = O0. The only distinction
between the two polymer species is taken to be a difference in the two disentanglement
times, given by xdl = Td (1 + E) and td2 = Td(l - £) for polymer species 1 and 2, respec-
tively. For the present calculations, we have chosen e = 0.01.
The simplicity of this artificial system allows one to focus on the fundamental differ-
ences between the spectral structure of blend relaxation and that of melt relaxation. The
structure of the blend relaxation spectrum is shown in Fig. 4-5. The solid lines represent
the relaxation rates of odd-numbered modes, while the dashed lines represent those for
even-numbered modes. The relaxation rates of the odd-numbered modes are monotoni-
cally increasing with wavevector. Those of the even-numbered modes, in contrast, feature
a local maximum which shifts towards larger wavevectors with increasing mode number.
At small wavevectors, each even-numbered mode appears to emerge from the next
higher, odd-numbered mode. With increasing wavevector, all modes redistribute without
the occurrence of any "mode crossings". The first mode is distinct from the higher-order,
odd-numbered modes in that no other relaxations seem to emerge from it. Fig. 4-5 raises the
question of how the two spectra for melt and blend case can differ so fundamentally, given
that the corresponding physical systems are very similar. This is elucidated in Fig. 4-6,
which shows the normalized mode amplitudes. For these parameters, the first mode has the
largest amplitude over the entire range of wavevectors, but its weight decreases monotoni-
cally with increasing wavevector. In the limit of small wavevectors, all higher-order modes
(m > 1) assume zero weight. The relaxation spectrum then reduces to a single-exponential
decay, as in the melt case. Also similar to the melt, the spectrum becomes independent of
wavevector for large wavevectors.
In Fig. 4-6, the mode amplitudes for the odd-numbered modes are separated from those
of the even-numbered modes. We see that the even-numbered mode amplitudes share the
feature of a local maximum, which becomes less pronounced and moves towards larger
wavevectors with increasing mode number. Striking, here, is the absolute magnitude of
the weights for the even-numbered modes, which is negligible compared to that of the
odd-numbered modes. This finding reconciles the difference between melt and blend re-
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Figure 4-6: Mode amplitudes, am, for the same symmetric binary blend considered in
Fig. 4-5. (a) The amplitudes for odd-numbered poles are shown versus normalized
wavevector, Q2R2. (b) The amplitudes for even-numbered poles are shown versus nor-
malized wavevector, Q2R2. The small indices identify the pole number, m.IIIUIL~ YVY~~~CVI ~5I~g
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laxation spectrum with the minor difference in the physical systems modelled. When we
increase the e-parameter from zero to finite values, the even-numbered modes appear in
the relaxation spectrum. However, their relative statistical weight remains insignificant for
small values of e. As a result, the relative change to the intermediate scattering function
of Eq. (4.7), which represents the physical quantity actually measured in experiments, re-
mains negligible when tuning the e-parameter from 0 to 0.01. Considering this effect, we
conclude that the relaxation spectrum indeed changes discontinuously when c is increased
from zero. The intermediate scattering function, however, changes gradually, in accordance
with physical intuition.
4.2.3 Comparison between Analytical and Numerical Results
In Figs. 4-7 and 4-8, we compare our analytical inferences with the results of the numerical
calculations based on Eq. (4.16). To do so, we consider a binary homopolymer blend. Since
our analytical expressions simplify significantly in the case that xl = x2, we must avoid
considering a symmetric blend for this comparison. Instead, we treat a blend in which
all spatial parameters of the two species are identical, but in which the volume fractions
occupied by the two species vary. Specifically, we choose 1 = 1- 2 = 1/3. Moreover,
the disentanglement times of the two species are chosen to be Xdl = d(1 + £) and d2 =
Td(1 - ) for polymer species 1 and 2, respectively.
The resulting relaxation rates are shown in Fig. 4-7, which allows comparison of numer-
ical and analytical results, for both even- and odd-numbered modes, and for two different
values of the -parameter. The relaxation rates are normalized by the mean disentangle-
ment time, d, and by the predicted m 2 -dependence. For £ < 0.01, we indeed observe
this dependence in our numerical results, in both odd- and even-numbered modes. (Only
data for e = 0.001 are shown.) The relaxation rates of the even-numbered modes are un-
derestimated, while those of the odd-numbered modes are overestimated by our analytical
approximations. For £ = 0.001, however, the deviations between numerical and analyti-
cal data are significantly smaller than 1 percent. For £ = 0.1, in contrast, we observe a
systematic deviation of the numerical results from the analytical approximations, for both
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Figure 4-7: Normalized relaxation rates, drF/m 2, in the limit of large wavevectors,
Q2R2 = 1200. Modelled is a binary homopolymer blend with negligible interactions, X = 0.
The two species are taken to occupy relative sample volumes of 1/3 and 2/3. The disen-
tanglement times of the two species are given by Tdl = Td (l + e) and d2 = d(l - c) for
polymer species 1 and 2, respectively. The open symbols represent numerical results from
Eq. (4.16), while the solid lines indicate our analytical results for this regime. All data
are shown for both even- and odd-numbered modes, and for two different values of the
c-parameter.
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Figure 4-8: Normalized mode amplitudes, am, in the limit of large wavevectors, Q2Rg =
1200. Modelled is the same binary blend system considered in Fig. 4-7. The open symbols
represent numerical results from Eq. (4.16), while the solid lines indicate our analytical
results for this regime. The even-numbered mode amplitudes are presented after correction
for an expected £2-dependence, showing £-2am. The odd-numbered mode amplitudes are
normalized by the square of the mode number, showing m 2 am. All data are presented for
two different values of the e-parameter.
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even- and odd-numbered modes. This finding indicates that our calculations break down
for larger deviations between the disentanglement times of the two polymers. This was to
be expected since, as part of our derivations, we expanded the susceptibility in terms of
the deviations of (l, o2 from their mean. For large c-parameters, however, this expansion
ceases to be accurate.
Similar results hold true when considering the corresponding mode amplitudes of Fig. 4-
8. For e-parameters up to 0.01, the deviation between numerical and analytical results lies
below 4 percent. (Only data for e = 0.001 are shown.) For e = 0.1, in contrast, we see
larger, systematic deviations, especially for higher mode numbers. It is particularly impor-
tant to note the strong decrease in the amplitude of the even-numbered modes with mode
number, m. This decrease stresses the limited validity of the m-independent behavior pre-
dicted by our analytical calculations for the even-numbered modes. It may be noted that
for small £-parameters, Eq. (4.28) leads to am even c £2, a behavior that is reflected by the
absolute magnitudes of the even-numbered mode amplitudes in Fig. 4-8.
4.3 Dominant Higher-Order Modes
For symmetric binary blends we have shown that the relative amplitude of the odd-numbered
modes decreases roughly with the square of the mode number, m2. The even-numbered
mode amplitudes, in contrast, show a far less sensitive dependence on mode number,
and their absolute magnitude remains relatively small in comparison to that of the odd-
numbered modes. This situation changes drastically in the general case of asymmetric
blends, where the amplitude of the even-numbered modes can become appreciable. In
this section, we present a specific blend system in which higher-order modes dominate the
intermediate scattering function of the blend. This finding, which we consider the most
important result of this chapter, is the more interesting since it applies to a blend system
with experimentally feasible parameters.
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4.3.1 Relaxation in an Asymmetric Blend
We consider a monodisperse, binary homopolymer blend with negligible interactions, where
the interaction parameter is taken to equal zero, X = 0. The modelled system is an asym-
metric blend, 4l = 1 - 42 = 0.89, with two monodisperse chain species of equal radius
of gyration, Rg = Rgl = Rg2. The disentanglement times were chosen to differ appreciably
(but not implausibly) between the two species. Specifically, we have chosen td 1 = 12. 3 Td 2,
which corresponds to £ = 0.85. The resulting relaxation spectrum is displayed in Fig. 4-9,
where the relaxation rates shown on the ordinate are normalized by the average disentan-
glement time, d, and are plotted versus the square of the normalized wavevector, Q2R2.
The solid lines indicate the relaxation rates of the odd poles, while the dashed lines identify
those of the even poles.
There are significant differences between Fig. 4-9 and the relaxation spectrum of Fig. 4-
5 for a symmetric blend. In the asymmetric case considered, we find no apparent pairing
of modes at small wavevectors. As expected, the relaxation rates lack the regularity we
found for the spectrum presented in Fig. 4-5. In the asymmetric system, for instance, we
find a relaxation rate with a local maximum versus wavevector among the odd-numbered
modes, as well as a monotonically increasing relaxation rate among the even-numbered
modes. More remarkable is Fig. 4-10, which presents the corresponding mode amplitudes
for our specific asymmetric blend. While the first mode dominates in the limit of small
wavevectors, the amplitude of the second mode dominates the relaxation spectrum for large
wavevectors. In the former limit, we observe the same behavior found previously: the
first mode amplitude assumes the value of unity, and the relaxation spectrum reduces to a
single-exponential decay. Consequently, the intermediate scattering function will reflect a
crossover from a single-exponential decay spectrum governed by the first mode to a multi-
exponential decay dominated by the second mode.
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Figure 4-9: Relaxation spectrum, Fm, for an entangled, homogeneous, binary blend with
dominant higher-order modes. The modelled system is an asymmetric blend, 41 = 1-q2 =
0.89, with two monodisperse chain species of equal radius of gyration, Rg = Rgl = Rg2.
The disentanglement times were chosen to differ appreciably between the two species, ac-
cording to td I = 12. 3 rd 2 ( = 0.85). The interaction between the two species was assumed
to be zero, X = 0. The relaxation rates shown on the ordinate are normalized by the average
disentanglement time, td, and are plotted versus the square of the normalized wavevector,
Q2R2. The indices identify the mode number, m. The solid lines indicate the relaxation
rates of the odd poles, while the dashed lines identify those of the even poles.
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Figure 4-10: Mode amplitudes, am, for an entangled, homogeneous, binary blend with
dominant higher-order modes. The system modelled is the same as the one considered in
Fig. 4-9. Amplitudes are plotted versus the square of the normalized wavevector, Q2 Rg.
The indices identify the mode number, m. The solid lines indicate the amplitudes of the
odd poles, while the dashed lines identify those of the even poles.
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4.3.2 The Effect of Blend Parameters on the Significance of Higher-
Order Modes
In the regime of small wavevectors, the dynamics of any entangled blend reduces to a
single-exponential decay. At larger wavevectors, the relaxation spectrum is expected to be-
come multi-exponential. An assessment of multi-exponentiality is therefore naturally car-
ried out in the regime of large wavevectors. As was demonstrated in the previous section,
there exist blend systems in which higher-order modes gain prominence in the relaxation
spectrum. In light of this observation, one can investigate how the strength of the higher-
order modes depends on the overall blend parameters. A good criterion for the degree of
multi-exponentiality in the intermediate scattering function appears to be the ratio between
the second and the first mode amplitude, a2/al. If this ratio is not too small, the interme-
diate scattering function of the modelled binary blend is expected to deviate considerably
from a single-exponential decay.
In the following, we will therefore map this ratio, a2/al, as a function of both the blend
composition, ql = 1-q2, and the c-parameter, defined via the two disentanglement times
Ctdl = Xd(l + £) and d2 = d( - ;) for polymer species 1 and 2, respectively. The two
species constituting the model blend are chosen to be spatially equivalent, with statistical
segment lengths of £l = £2 = 1 nm, and with degrees of polymerization given by N1 = N 2 =
500. Assuming negligible interactions, X = 0, the ratio a2 /al is calculated from Eq. (4.16).
The result is presented in Fig. 4-11. There, we plot at a fixed composition the ratio a2 /al
as a function of the c-parameter. It is apparent that the curves for larger volume fractions P1
exhibit a peak whose height increases with increasing volume fraction. For large volume
fractions 1, these peak heights exceed the value of unity. Physically, these results indicate
that the intermediate scattering function becomes highly multi-exponential if the slowly
relaxing chains (dl > Td2) fill the major fraction of the sample volume (1 > 1/2). One
may consider the case in which the ratio a2/al exceeds the value of unity. In the system
described, this condition is met for 4b > 0.86 when dl - 12 .3 td2 ( c 0.85), as is evident
in Fig. 4-11. This finding is the more significant since the preparation of a blend system
conforming to these specifications appears experimentally feasible.
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Figure 4-11: Multi-exponentiality of the blend intermediate scattering function in the
regime of large wavevectors, Q2R2 = 1200. The model describes a binary, monodisperse
homopolymer blend in which both species consist of spatially equivalent chains. The dis-
entanglement times of the two species are determined according to xdl = Td(l + e) and
Xd2 = td(1 - C) for polymer species 1 and 2, respectively. The volume fractions are given
by q1 and 02 = 1- 1. Shown is the ratio a2/al as a function of the E-parameter. The
different curves refer to model blends with varying compositions.
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We have identified a region in the parameter space of a blend in which the higher-
order modes come to dominate the reptative relaxation spectrum. Our conclusions must be
invariant under the operation of interchanging both chain species. Specifically, the resulting
ratio of a2/al ought to remain unaffected if the volume fractions occupied by the two
species, ql <- 2, as well as their disentanglement times, tdl X Td2, are interchanged.
By contrast, a sole interchange of the volume fractions does not preserve this condition of
invariance. For higher-order modes to become dominant, the slowly relaxing chains must
occupy the major fraction of the sample volume. This is why Fig. 4-11 does not exhibit a
symmetry about Pl = 02 = 1/2.
4.3.3 Comparison to Data with Low Signal-to-Noise Levels
Measurements on the slow dynamical processes discussed here are commonly carried out
by means of photon correlation techniques. Such methods probe the normalized intensity
time-autocorrelation function, g2(Q,t), which is related to the normalized intermediate
scattering function, f(Q,t), via
g2(Q,t) = 1 + If(Q,t)12 (4.30)
The optical contrast, I3, refers to a characteristic property of the experimental apparatus. We
can now numerically calculate the complete time-correlation function for a case in which
a2/al > 1. Using Eqs. (4.16) and (4.30), as well as the corresponding blend parameters,
ql - 0.89 and £ - 0.85, we can determine the correlation function g2 (Q 2R 2 > 1,t) that
corresponds to the case of dominant higher-order modes.
The resulting autocorrelation is shown as the dashed line in Fig. 4-12, as a function
of normalized delay time, t/t, for an arbitrarily chosen contrast of 3 = 0.1. We define a
characteristic relaxation time, t, as the point in the time domain at which the function g2-1
has fallen to one half of its initial value, f3/2. In the same figure, we also present a time-
correlation function with the same characteristic decay time and contrast, yet based on a
single-exponential form for the decay, shown as the solid curve. The multi-exponentiality
of the decay spectrum apparently leads to a stretching of the single-exponential form, so
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that the normalized intermediate scattering function decays more gradually. While the
feasibility of experimental studies on blends of flexible polymers has been demonstrated
unequivocally, the correlation functions measured thus far have proven to be significantly
affected by counting noise. Observed noise performance remains limited by the small
scattering cross sections of the blends used in these studies. Any measurement aiming
to characterize the degree of multi-exponentiality of a blend relaxation spectrum should
provide signal-to-noise levels sufficient for distinguishing the two correlation functions
displayed in Fig. 4-12.
For measurements with low counting statistics, one may only be able to extract a char-
acteristic half-decay time from photon correlation data. It is then sensible to perform a
least-squares curvefit of the data to the functional form
fexp(Q, t) = exp[- 2 t ] (4.31)2 exp (Q)
thereby extracting the wavevector-dependent, half-decay relaxation time, texp(Q), from the
data. This observable may be compared to the theoretically predicted half-decay relaxation
time, t(Q). Recalling Eq. (4.7), the latter is obtained from
f (Q, tt) = am(Q) exp [-rm(Q)t (Q)] = (4.32)
m
ensuring that the predicted t(Q) reflects the presence of higher-order modes with the ap-
propriate statistical weight.
4.4 Future Experiments on Entangled Blends
This chapter was stimulated by experimental results which demonstrate the feasibility of
dynamic x-ray scattering studies on blends of flexible polymers. We have described how
theoretical predictions for the expected phenomena can be calculated from within the dy-
namic RPA expressing the reptation model. To properly characterize and understand the
observed intermediate scattering function, it will be important to carry out measurements
over as wide a range of wavevectors and times as possible, and to obtain data with as large
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Figure 4-12: Effect of multi-exponentiality on blend correlation functions in the regime
of large wavevectors, Q2R2 = 1200. The dashed curve shows the normalized intensity
time-autocorrelation function, g2(t/t), for the model blend considered in Fig. 4-11, with
£ = 0.85 and 1 = 0.89. The optical contrast was arbitrarily chosen as = 0.1. The solid
line represents a single-exponential decay with the same half-decay relaxation time, ¥. Both
correlation functions are plotted versus normalized delay time, t/Y, on a logarithmic scale.
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a signal-to-noise ratio as possible. In the diffusive regime of blend dynamics, such exper-
iments promise to answer the long-standing question of whether it is the slow or the fast
component that limits collective diffusion.
For the non-diffusive regime of polymer dynamics, the degree of multi-exponentiality
in the intermediate scattering function was quantified, and explored through the parameter
space {l, xdl/td2} of a monodisperse, binary blend in the one-phase region. With numer-
ical calculations, we have identified experimentally feasible blend systems in which the
higher-order modes of the reptative relaxation spectrum dominate the decay of the interme-
diate scattering function.
An important goal of future experiments should be to determine the shape of the nor-
malized intermediate scattering function for large wavevectors (Q 2R2i > 1), and to carry
out a comparison with model lineshapes. The multi-exponential character of the interme-
diate scattering function is reflected in the autocorrelation function measured by coherent
scattering experiments. Multi-exponentiality constitutes a far more subtle feature than the
behavior of the characteristic relaxation time with wavevector. The analysis of such ex-
periments will thus constitute an important quantitative test of the reptation model and its
expression via the dynamic RPA.
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Chapter 5
Equilibrium Dynamics in the
Non-Diffusive Regime of an Entangled
Polymer Blend
Measurements at the most relevant length and time scales of the relaxation of compositional
fluctuations in entangled polymer blends have not been possible thus far. A substantial
amount of theoretical work on polymer melt and blend dynamics, based on the reptation
hypothesis [37, 43], provides incentive for the implementation of such measurements. The
emerging technique of x-ray photon correlation spectroscopy (XPCS) has already demon-
strated capability to study the slow dynamics of soft condensed matter systems, specifically
of colloidal suspensions [75], probing length scales comparable to characteristic polymer
radii of gyration and time scales beyond the plateau separating elastic from viscous blend
response. The application of XPCS to polymer blends, however, is far more challenging
than that to colloidal systems, primarily since the scattering cross sections of homogeneous
blends are significantly smaller. In this chapter, we present an XPCS study of the dynamics
of compositional fluctuations in a blend of long, monodisperse, highly entangled chains,
investigating for the first time the relaxation of compositional relaxations on length scales
smaller than the extent of individual polymer coils. Compared to melts, polymer blends
exhibit a higher level of phenomenological complexity, due to the presence of multiple
polymer species, commonly accounted for by the introduction of additional chain lengths
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and microscopic diffusion times. Nevertheless, the dynamic random-phase approximation
(RPA) may be used to deduce collective blend dynamics from single-chain motion, and
allows one to predict the intermediate scattering function [14, 46, 92, 115], which is exper-
imentally accessible via XPCS [75].
The reptation model depicts the primary motion of each polymer in such an entangled
system as a creep along the length of a tube delimited by temporary, microscopic entangle-
ments with neighboring chains. Several distinct features predicted by the reptation model
have been seen in measurements of the macroscopic diffusion constant [68, 74], in inter-
diffusion experiments [102], and in molecular-dynamics simulations [70]. Fluorescence
microscopy studies on labelled DNA in concentrated solution [86], as well as on actin fil-
aments [66], have qualitatively demonstrated consistency with the model on micrometer
length scales. The two latter experiments, however, concern chains with a limited degree
of flexibility, for which a description in terms of semiflexible rods is more appropriate than
one in terms of Gaussian coils. Unambiguous, corroborating evidence for the existence of
the reptative decay has been provided by neutron spin-echo (NSE) measurements [109];
these have confirmed the existence of an entanglement length in polymer melts by probing
the Rouse regime [101] towards the onset of a plateau in the intermediate scattering func-
tion. However, the delay times accessible with NSE remain shorter than 200 ns. Optical
PCS, on the other hand, can probe long time scales, but only over length scales larger than
individual chains. XPCS complements other techniques used to test the reptation model,
yet assumes a nonpareil position in probing the viscous regime of entangled blends, allow-
ing for microscopic measurements at time scales of up to tens of seconds or longer. Thus,
XPCS enables us to characterize a previously inaccessible region of dynamic phase space,
providing a direct measurement of reptative features in the diffusion of a polymer blend.
In the remainder of this chapter, Section 5.1 will briefly review the theoretical expec-
tations for the microscopic dynamics in entangled homopolymer blends. Section 5.2 dis-
cusses aspects that influence the suitability of a specific blend system for XPCS measure-
ments. The particular system chosen for the present study is described in Section 5.3. The
system's static scattering cross section is discussed in Section 5.4. The dynamic experi-
ments are introduced in Section 5.5, where the measured relaxation rates of the sample are
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presented. The corresponding mode amplitudes are discussed in Section 5.6. These exper-
imental findings are placed into the context of earlier measurements in Section 5.7, which
also emphasizes the potential merit of future XPCS experiments on entangled homopoly-
mer blends.
5.1 Theoretical Expectations
The dynamic RPA for a monodisperse, entangled melt of flexible polymers predicts a
crossover in the dependence of the relaxation rate on wavevector from an approximately
quadratic dispersion relation to a non-diffusive regime at large wavevectors, where the
relaxation rates become wavevector-independent [39, 46, 115]. This spatial crossover,
governed by the size distributions of the component chains, is predicted to be parame-
terized by the dimensionless quantity Q2R2, where Q is the scattering wavevector. For
polymer blends, an overall, characteristic spatial scale, R, may be identified as the volume-
averaged mean-square radius of gyration, R2 = ,iq iR2i The non-diffusive regime is then
reached in the limit Q2R2 > 1 [44]. In this chapter, we present XPCS data on a homoge-
neous, monodisperse blend of poly(ethylene oxide) (PEO) and poly(methyl methacrylate)
(PMMA), allowing us to reach values of Q 2R2 11. We are therefore, for the first time,
probing the non-diffusive regime of a homogeneous polymer blend, investigating the re-
laxation of compositional fluctuations on length scales far smaller than the polymer coils
themselves. We find that the measured relaxation rates are in quantitative agreement with
the predictions of the reptation model. The reptation model further hypothesizes a link be-
tween the wavevector dependence of the mode amplitude and the entanglement lengths of
the component chains. The mode amplitudes we observe are consistent with the expected
entanglement length in our blend, but do not allow its precise determination. Our principal
conclusion is that the reptation model provides a quantitative explanation for all aspects of
our data at intermediate and large wavevectors.
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5.2 Optimizing Polymer Blends for X-Ray Scattering Ex-
periments
According to the static RPA [122], the absolute scattering cross section of a polymer
blend is primarily dependent on two parameters: the scattering contrast between the two
monomer species, as well as their mean-field interaction parameter, which is well-known
from the Flory-Huggins theory of polymer blends.
In the NSE experiments [60, 100, 109] mentioned in Chapter 1, scattering contrast was
achieved by employing partially deuterated mixtures, enabling single-chain dynamics to
be monitored within the melt. In x-ray scattering, the contrast is given by the electron
density difference of the materials in the sample. It is therefore not practical to study a
homopolymer melt with x-ray scattering, given the absence of a suitable labelling method
to achieve higher contrast. Only a blend of different polymer species can provide enough
scattering intensity for an experiment. It is important to note that the study of blends offers
no less a description of single-chain dynamics - the quantity most closely associated with
reptation - since the collective dynamics in a blend can be traced back to that of single
chains [14, 46, 92].
For x-ray scattering from polymer blends, one must carefully choose the blend con-
stituents - and with them implicitly their electron density difference and interaction param-
eter, X - in order to optimize the absolute scattering cross section. Within the lattice model
of binary polymer mixtures, X expresses the change in energy when two initially separated
segments of one polymer species, surrounded by monomers of the other species, become
nearest neighbors [42]. One usually finds X to be positive, but for some monomer pairs
it can be zero or negative. For X > 0, the scattering will be enhanced, but positive X will
also cause blends of long-chain polymers to phase-separate. Ultimately, there exist three
different strategies for producing a homogeneous polymer blend with a large x-ray scatter-
ing cross section. (1) Use two species with X > 0, and study this system near its spinodal
line where the scattering cross section diverges. This approach requires the use of at least
one low-molecular-weight component for the blend to be miscible. (2) Mix a random co-
polymer with a homopolymer, allowing one to tune the overall X through the composition.
154
I
Despite the fact that the density difference in such a blend could be considerable in some
cases, the large negative interaction might lead to a suppression of scattering. (3) Simplest
is to choose a pair of long-chain polymers with X _ 0, thus ensuring miscibility of a highly
entangled blend while minimizing the cost to the scattering strength.
Blends of poly(ethylene oxide) (PEO) in poly(methyl methacrylate) (PMMA) are a
good approximation to the third approach, and exhibit a scattering strength feasible for
XPCS. Static neutron scattering experiments have been performed on the melts of both
components, as well as on the blend system, revealing that the PEO-PMMA interaction
parameter, X, is small and independent of temperature [64, 71]. The latter feature allows
the relaxation times to be tuned by changing the temperature without affecting the static
correlations. The blend's macroscopic thermal characteristics are also well-known [73].
The choice of these blend components facilitated control of the mixture's glass transition
temperature via composition.
5.3 Sample Preparation and Characterization
The two homopolymer components for our sample were purchased from Polymer Source,
Qu6bec, Canada. Size exclusion chromatography yielded a mean molecular weight of
Mw = 281.0kg/mol with a polydispersity of M/Mn = 1.06 for the PMMA, and Mw =
334.5 kg/mol with MwlMn=1 .14 for the PEO. The PMMA is specified to have a syndiotac-
tic content in excess of 0.79.1 We opted for a PEO-PMMA blend of 50-50 weight fractions,
so that we expect Tg 15C [141], which is far below the temperatures studied. The blends
were prepared by co-dissolving the two species in 1,2-dichloroethane, stirring for several
hours, followed by filtering in multiple stages. Most of the solvent was evaporated at 50°C
under atmospheric pressure. The blends were further dried under vacuum at 1200C.
Blends of PEO and PMMA are known to be miscible [141]. The resulting samples were
visually homogeneous and clear at all temperatures above the PEO melting temperature of
65°C. The entanglement molecular weights of Me 2.2 kg/mol [139] for PEO, and of
l The standard characterization technique for the tacticity of PMMA is proton NMR on dilute solutions
in deuterated chloroform [16, 17, 98, 127, 137].
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Me - 7.0kg/mol [49] for PMMA are far exceeded by the respective component chains,
ensuring that the blend is entangled.
X-ray measurements were carried out at Beamline 8-ID of the Advanced Photon Source.
We employed monochromatic x-rays of energy 7.66 keV and relative energy bandwidth of
3 x 10- 4 full-width-at-half-maximum. Precision slits, 55 m from the undulator source and
40cm upstream of the sample, selected a 35,um-wide horizontal and 50Mm-wide verti-
cal portion of the beam. The resulting partially coherent flux on the sample was about
4 x 109 x-rays per second. Scattered x-rays were detected 4.95 m further downstream using
a CCD camera. The blend samples were mounted in an evacuated, temperature-controlled
sample chamber, held by surface tension within a 1 mm-diameter hole in a 1 mm-thick metal
plate positioned in the x-ray beam. Further details on the small-angle x-ray scattering setup
used for the present experiments can be found in Chapter 2.
5.4 The Static Scattering Cross Section
Before any given measurement, each sample was annealed in situ at 140°C. To minimize
any possible effect of radiation damage, the x-ray exposure of any portion of each sample
was less than 20 minutes. Shown in Fig. 5-1 (a) is the static x-ray scattering cross section of
the blend held at 90C. The scattering lineshape and intensity were independent of temper-
ature within errors between 70°C and 140°C. The observed cross section per unit sample
volume, X, was fitted to £ = re2o(Ape S2cc 2 p), where
c [= v (5.1)
SIC pvoQ2R2 - 2X (5.1)
i= 1,2 OiviNi 9d
is the static structure factor of compositional fluctuations in a binary polymer blend, ac-
cording to the RPA [59, 122]. In Eq. (5.1), i refers to the overall volume fraction of
species i, vi to the volume of its Kuhn segment, Ni to its degree of polymerization, and Pi
to its single-chain form factor [59]. The mean-field interaction parameter, X, is referred to
v0 , the PMMA monomer volume. The quantity re denotes the Thomson radius, Ape the
difference in electron number density between the two materials, and Ae the sample's mean
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Figure 5-1: Static scattering cross section of a PEO-PMMA homopolymer blend at 900C.
(a) The scattering cross section per unit volume, X, plotted versus Q2. The dashed line
indicates the fitted level of r2 vop2Spp. (b) Sc- 1 versus Q2R2 for the wavevector range
probed dynamically. Solid curves represent a least-squares fit to Eq. (5.1) for 0.01 nm- 2 <
Q2 < 0.16 nm-2 . The error bars are smaller than the circles.
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electron density. The component molecular weights allow us to infer the radii of gyration
of the single chains in their respective melts, using previous small-angle neutron scattering
(SANS) results [64, 71]. We calculate a radius of gyration of Rg c22.2nm for the PEO, and
of Rg _ 13.1 nm for the PMMA component. We assume the same values in the blend. Spp,
taken to be Q-independent within the range studied, corresponds to density fluctuations.
With Eq. (7.44) of Ref. [59], Spp = kBT [/vo, where kBT denotes the thermal energy, and
p the isothermal compressibility.
The best fit of Eq. (5.1) - optimizing Ape, X, and Spp over the range 0.01 nm- 2 < Q2 <
0.16 nm- 2 - is shown as the solid curve in Fig. 5-1(a). The fit provides a good description
of the data and yields Ape = 16 3 electrons/nm3 , Spp = 0.08 ± 0.01, and X = 0.00030 ±
0.00003. A SANS study [64], in comparison, found X - -0.002 for a 50-50 PEO-PMMA
blend. The small discrepancy probably originates in the different PMMA tacticities. The
fitted Ape is consistent with the literature electron density difference [18], and the result for
Spp leads to a blend compressibility comparable with that of the component melts. Based
on the PEO and PMMA radii of gyration, we are led to a volume-averaged mean-square
radius of gyration of R= 18.3 nm. In Fig. 5-1 (b), we show Sc 1 as a function of Q2R2 , where
the expected Q2 -variation is observed.
For the smallest wavevectors, however, Sc'1 appears to fall below the predicted value.
This excess scattering is further characterized in Fig. 5-2. Panel (a) of the figure shows
the same data as Fig. 5-1(a), now plotted versus wavevector on a logarithmic scale, thus
emphasizing small wavevectors. It is evident that Eq. (5.1), modelling compositional and
density fluctuations in an entangled homopolymer blend, describes the observed scattering
cross section very well for wavevectors larger than 0.1 nm- 1, corresponding to Q2R2 > 3.35.
For this region of larger wavevectors, more than 90 percent of the scattering is accounted
for by the model of Eq. (5.1). In the region of small wavevectors, by contrast, the excess
scattering, referred to as A, becomes the dominant contribution to the total scattering cross
section.
The excess scattering cross section per unit volume, not accounted for by Eq. (5.1), is
shown in Fig. 5-2(b). The solid line in the figure corresponds to a least-squares curvefit to
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Figure 5-2: Small-wavevector excess scattering from a PEO-PMMA homopolymer blend
at 90°C. (a) The scattering cross section per unit volume, X, plotted versus wavevector, on
a logarithmic scale. The dashed line indicates the fitted level of r2 vS p2 Spp. The solid line
represents a least-squares fit to Eq. (5.1). These are the same data as shown in Fig. 5-1(a).
(b) The excess scattering cross section per unit volume, AI, which is not accounted for by
Eq. (5.1). The solid curve represents a least-squares fit to Eq. (5.2). The error bars are
smaller than the circles.
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the form
AE [ I 1+ 22 (5.2)A = A4 I + [ 2R2 exp (- Q 2 &) . (5.2)
The squared Lorentzian in Eq. (5.2) is commonly referred to as the Debye-Biiche-Porod
function, and has often been used successfully to represent the scattering of random two-
phase systems [57]. It is obtained as the Fourier transform of an exponentially decaying
spatial correlation function with correlation length Rc. The exponentially decaying factor in
Eq. (5.2) accounts for the interfacial width, a, between neighboring domains in the system.
The quantity Alo refers to the excess scattering at zero wavevector. The least-squares
fit yields the parameters A0 = 1500 ± 563 cm- , Rc = 59 9 nm, and o = 17.6 + 2.4 nm.
The spatial dimensions of Rc and ( turn out to be comparable, indicating a considerable
width of the interfaces between potential phase domains. This corresponds to a gradual
change of the electron density across domain interfaces. Overall, the analysis suggests that
the observed excess scattering might arise from the existence of a two-phase structure at
large length scales, characterized by relatively large interfacial widths. Ref. [57] describes
a similar observation in entangled solutions of polystyrene in toluene, and ascribes the
finding to the presence of large-scale heterogeneities.
5.5 Blend Dynamics
Our methods for carrying out XPCS experiments are thoroughly described in Chapter 2.
In brief, the dynamical properties of the blend were characterized via intensity autocorre-
lation of sequential two-dimensional scattering patterns, each obtained in a 5 s exposure
of a CCD detector. The advantages of such a scheme for characterizing the dynamics of
slow and glassy materials and for improving signal-to-noise levels have been emphasized
previously [32, 41, 138]. The normalized intensity time-autocorrelation function, g2(Q, t),
is related to the normalized intermediate scattering function (ISF), f(Q, t) = S(Q, t)/S(Q),
via
g2(Q,t)= 1 +A[f(Q, t) ]2, (5.3)
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Figure 5-3: Measured intensity time-autocorrelation functions, g2(Q, t), for a PEO-PMMA
homopolymer blend at 70°C. Correlation functions are plotted versus delay time, t, at three
different wavevectors. For presentation purposes, the baselines of the correlation func-
tions were offset by (a) 0.2 and (b) 0.1. The wavevector ranges over which channels were
averaged correspond to (a) [0.100-0.110] nm-1, (b) [0.122-0.138] nm-1 , and (c) [0.164-
0.197] nm- 1. The solid lines show the fits to Eq. (5.3). If not shown, error bars are smaller
than the circles.
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where t is the delay time, and A is the apparent contrast. Typical blend autocorrelation
functions, averaged over a small range in Q and extending from 5.0s to 1500s, are shown
in Fig. 5-3 at three different mean wavevectors. To model these data, we have chosen an
exponential ISF,
f(Q,t) = exp[-F(Q)t] . (5.4)
Least-squares fits to Eq. (5.3) determined the decay rate, F(Q), and the apparent contrast,
A(Q), at each wavevector. The best fits are shown as the solid lines in Fig. 5-3. Evidently,
the exponential model provides a good description of the measurements and enables us to
determine the characteristic decay rate. However, the signal-to-noise level of these data
does not permit the functional form of the ISF to be established uniquely.
5.5.1 Temperature Dependence of the Relaxation Spectrum at
Small Wavevectors
Several sequences of scattering images were acquired specifically to characterize the tem-
perature dependence of the relaxation times by means of XPCS measurements. In this scan,
the temperature was lowered from 140°C to 70C in several steps, equilibrating before each
data acquisition. Subsequently, the temperature was raised to 140°C again, causing the
relaxation times to reproduce their initial value.
When the least-squares fitting procedure described above is applied to these temperature-
dependent data, one obtains the relaxation times, F- 1 (Q), which are presented in Fig. 5-
4(a) for the entire range of temperatures studied. These relaxation times are compromised
by parasitic scattering effects at very small wavevectors, and by noise at larger wavevec-
tors. However, over an intermediate wavevector range, marked by the shaded region in
Fig. 5-4(a), the extracted wavevector dependence of the relaxation times appears to exhibit
temperature scaling. We define a temperature scaling factor, aT, via
aT = NQ l (QT) (5.5)
TNh qunt he'(Qi, 70C)
The quantity aT has been calculated as an average over the NQ = 5 wavevectors satisfying
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Figure 5-4: Temperature scaling of the equilibrium fluctuations in a homogeneous PEO-
PMMA homopolymer blend at small wavevectors. (a) Relaxation times, F- 1 (Q), as a
function of wavevector, Q, at temperatures of 140°C, 120°C, 100°C, 90°C, 80°C, 70°C. (b)
The temperature scaling factor as defined in Eq. (5.5), determined for the wavevector range
shaded in panel (a).
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0.02 nm-1 < Qi < 0.08 nm- 1. The resulting scaling factors are shown in Fig. 5-4(b), which
displays Inar versus temperature. 2 The statistical uncertainty in aT was estimated directly
from the finite spread of the scaling factors about their mean over the wavevector range
considered.
The scaling factor decreases monotonically with increasing temperature over the entire
temperature range, as one might have expected. We do find, however, a slight change in
behavior as the temperature exceeds about 100°C. The scaling of the correlation function is
further illustrated by Fig. 5-5. Panel (a) of the figure presents several correlation functions
in the time domain which correspond to the same wavevector, but to different temperatures
studied in the experiment. In panel (b), the same data are displayed, with the delay times of
the correlation functions scaled according to taT. The different correlation functions then
seem to collapse onto the curve described by the data at 70C.
5.5.2 Wavevector Dependence of Collective Relaxations
In the remainder of this chapter, we restrict consideration to Q2R2 > 3.35, where more than
90 percent of the scattering is accounted for by the model of Eq. (5.1). In addition, we
will only consider data at a temperature of 70°C, where we have performed experiments
for extended time periods in order to improve the statistics at large wavevectors. The cor-
responding relaxation rates are plotted in Fig. 5-6 versus Q2R 2. The most striking feature
of Fig. 5-6 is that the decay rate varies only weakly with Q2R 2 - in marked contrast to a
variation with at least Q3 that would be expected in this wavevector range in the absence
of entanglements [48]. Overall, the data are consistent with a crossover from an approxi-
mately Q2-variation at smaller wavevectors to a constant at larger wavevectors.
To compare to theory, we write the ISF of a polymer blend at time scales comparable
to the disentanglement time as
S(Q, t) Scc(Q) fR(Q, t) exp(-Q2 d 2/36) , (5.6)
where fR(Q,t) is the normalized ISF due to reptation, and the exponential factor [39] ac-
2 In this context, see also Fig. 5.14 on p. 222 of Ref. [122].
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Figure 5-5: Collapse of the temperature-scaled correlation function for a homogeneous
PEO-PMMA homopolymer blend at small wavevectors. (a) The raw intensity time-
correlation functions, g2(Q, t), versus delay time, t, at a wavevector of Q = 0.048 nm- 1,
shown for temperatures of 140°C, 120°C, 100°C, 90°C, 80°C, 70°C. (b) The same correla-
tion functions as in panel (a), plotted as a function of scaled delay time, taT, using the
temperature scaling factor of Eq. (5.5).
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counts for the fact that concentration fluctuations within the tube - d is the entanglement
distance - relax rapidly via Rouse modes [101]. In writing Eq. (5.6), we have further sup-
posed that density fluctuations relax sufficiently rapidly that they do not contribute at the
time scales probed.
According to the fluctuation-dissipation theorem, the ISF may be expressed in terms
of the poles of the Laplace-frequency-dependent susceptibility, and their corresponding
residues. The dynamic RPA may be used to deduce the susceptibility of a collection of
reptating chains from that of a single-chain, thus allowing one to predict fR(Q, t) [14, 46,
92, 115]. Specifically, we have a-' = aco(Q,p)- - 2x, where
c°(Qp)- 1 I v, with (5.7)
i= 2 iviNi aoi(Q,p)' t
#Oi q - i picot f i --c i 1 - cothi
the single-chain dynamic susceptibility of reptating species i for a Laplace frequency p < 0.
We further use /,i Q2R/2, and i = (/2)xVtdi , where di refers to the disen-
tanglement time of reptating species i. Thus, fR(Q,t) = XmSm(Q)exp[-Fm(Q)t], with
oa-I[Q, -rm(Q)] = Oand sm(Q) = Res a[Q,-rm(Q)]/rm(Q), normalized to EmSm(Q) = 1.
For t = 0, fR(Q,0) = 1. Although a(Q,p) has an infinite number of poles, the predicted
ISF is only subtly different from the single-exponential form employed in the fits. To com-
pare this model to our data, we calculate F, such that fR(Q,t = F 1) = 1/e. The values F
so-obtained may then be compared to the experimental relaxation rates.
The predicted decay rates depend on N 1, N2, Rgl, Rg2, P1l dl, and Td2. However, the
first five of the these quantities are determined from earlier SANS experiments, our own
SAXS measurements, and chemical composition. Moreover, using the results of infrared
dichroism and birefringence measurements for the relative relaxation rates in PEO-PMMA
blends [141], we may estimate the ratio of the disentanglement times as [td]PEO/[td]PMMA
i_ 2.2, employing an appropriate molecular weight scaling. Thus, a single unknown pa-
rameter should suffice to describe the Q-dependence of the observed relaxation rates. This
expectation is borne out in Fig. 5-6, where the solid line shows the result of fitting a single
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Figure 5-6: Relaxation rates in a PEO-PMMA homopolymer blend at 70°C, plotted versus
Q2R2 (o). The solid curve corresponds to the model described in the text.
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adjustable parameter, corresponding to an overall scale factor for the RPA relaxation rate.
Remarkably, the dynamic RPA describes the observed relaxation rates well. This conclu-
sion constitutes the main result presented in this chapter. For the disentanglement times,
the fits yield 19.9 ± 0.9s for the PMMA component. It follows, since their ratio is fixed,
that the disentanglement time of the PEO component is 44.2 ± 2.0 s.
5.6 Mode Amplitudes
The apparent contrast of the blend, A(Q), is shown in Fig. 5-7, together with the optical
contrast A, obtained as the contrast of the speckle pattern of a static silica aerogel [105].
A systematic difference between the two curves is evident: while the optical contrast
(Ao 0. 170 ± 0.005) exhibits no observable dependence on wavevector, the apparent blend
contrast decreases monotonically with increasing Q2R2. In the context of our model for the
ISF, it is straightforward to show, however, that
A =A [ S(Q) exp(-QS2/36 (5.8)
A = Ao Scc() + (e/APe) 2 Sppexp(-Q2d 2/36) (5.8)
Because Sc(Q) and Spp are determined by the fits to the static cross section, it follows, in
principle, that the data of Fig. 5-7 may be used to determine the entanglement distance, d.
We show, as the dashed line in Fig. 5-7, a calculation of the apparent contrast in the case
that d = 0. The systematic discrepancy with the measurements may be interpreted in terms
of a measurable entanglement distance.
The best fit of Eq. (5.8) yields the dotted line in Fig. 5-7, corresponding to an entan-
glement distance of d m 7.8 ± 3.4 nm. In comparison, from the entanglement molecular
weights of the component chains [49, 139], we infer their entanglement lengths in the melt
as 4.7 nm for PEO and 5.2 nm for PMMA. As noted previously, it remains unclear how to
apply the tube concept to blends. Considering both Figs. 5-6 and 5-7, we conclude that the
reptation model is successful in providing a semi-quantitative description of our empirical
findings.
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Figure 5-7: Observed wavevector dependence of the mode amplitude. Measured contrast of
the aerogel (), and of the blend at 70°C (o), plotted versus Q2R2. The solid curve represents
the optical contrast. The dashed line shows the expected blend contrast according to the
model of Eq. (5.8) assuming d = 0. The dotted line displays a least-squares fit to the same
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a5.7 Microscopic Dynamics in Entangled Blends
In summary, we have for the first time performed intensity fluctuation spectroscopy on an
entangled polymer blend for wavevectors corresponding to the non-diffusive regime of the
equilibrium compositional fluctuations. In doing so, we have followed the slow decay of
the intermediate scattering function of a polymer blend into the time domain of its viscous
response, allowing us to critically examine detailed predictions of the reptation model. The
relaxation rates presented in this chapter vary weakly with Q2R2, tending towards a constant
relaxation rate at the largest wavevectors studied. This is consistent with the predictions
of the classical reptation model. Furthermore, the wavevector dependence of the apparent
contrast, interpreted within the framework of the reptation model, yields an entanglement
length similar to that of the blend components.
We hope that the present study will motivate renewed theoretical consideration of poly-
mer blends, specifically those where entanglement lengths and monomeric friction factors
vary for the different chain species. On the experimental side, a more definitive comparison
with theory should follow from experiments on blends with components of varying chain
lengths, allowing the investigation of relaxation rates as a function of degree of polymer-
ization. Studying the relaxation times of a given binary system with varying compositions
might also elucidate the question of whether mutual diffusion in a polymer blend is dom-
inated by the fast species or the slow species. It would also be valuable to study blends
with larger absolute scattering cross sections. Such measurements would be capable of
characterizing the specific lineshape of the ISF in blends. Finally, the present study further
demonstrates - by probing a previously unaccessed time domain in the relaxation spec-
trum of a dense polymeric system - that the XPCS technique promises new insight into the
dynamical behavior of suitable polymer blends, complementary to NSE.
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Chapter 6
Conclusion
This thesis has introduced a method for reducing time sequences of raw scattering images to
intensity time-autocorrelation functions. This procedure has subsequently been employed
in x-ray photon correlation spectroscopy (XPCS) measurements on complex fluid systems.
Data acquisition is based on the use of a CCD area detector, and data reduction has been
optimized for operating in the regime of short data batches. Using a slow-scan CCD, it is
explained how to achieve data acquisition on a 30ms or faster time scale, while simulta-
neously acquiring data from many coherence areas in parallel. The statistical uncertainties
of the acquired XPCS data have been quantified experimentally, and compared to the theo-
retically expected noise levels of the correlation functions. The synchrotron beamline used
for carrying out small-angle x-ray scattering and XPCS experiments has been described in
detail.
6.1 Novel Experimental Data
Novel experimental data on two very distinct, prototypical complex fluids have been pre-
sented. In one of the projects, the technique of XPCS has been applied to investigate
the microscopic dynamics of an entangled, homogeneous homopolymer blend. In another
project, a colloidal system of polystyrene particles suspended in glycerol has been studied.
In particular, XPCS and small-angle x-ray scattering measurements have been applied
to characterize the dynamics and structure of concentrated suspensions of charge-stabilized
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polystyrene latex spheres dispersed in glycerol, for volume fractions between 2.7 and 52
percent. The static structures of the suspensions show essentially hard-sphere behavior. The
short-time dynamics shows good agreement with predictions for the wavevector-dependent
collective diffusion coefficient, which are based on a hard-sphere model [9]. However,
the intermediate scattering function is observed to violate a scaling behavior found previ-
ously for a sterically stabilized hard-sphere suspension [114]. The measurements are pa-
rameterized in terms of a viscoelastic model for the intermediate scattering function [58].
Within this framework, two relaxation modes are predicted to contribute to the decay of
the intermediate scattering function, with mode amplitudes depending on both wavevec-
tor and volume fraction. Our measurements indicate that for particle volume fractions
smaller than about 0.30, the intermediate scattering function is well-described in terms of
single-exponential decays, whereas a double-mode structure becomes apparent for more
concentrated systems.
The successful interpretation of these colloidal data in terms of a well-established the-
oretical framework provided further corroborative evidence that the technique of XPCS as
such is well-understood, and that the experimental setup performs as expected. In light
of this conclusion, it seemed appropriate to apply the technique to another complex fluid,
leading us to study the equilibrium dynamics of a dense, entangled polymeric system. This
topic has been introduced by detailing the theoretical expectations for the relaxation spec-
trum of entangled homopolymer blends in the one-phase region. The text focuses on binary,
monodisperse systems. In the context of this theoretical description, the reptation model of
polymer dynamics has been described, and the dynamic random-phase approximation has
been employed for inferring collective blend behavior from single-chain characteristics.
The theoretical description applies to relaxations far slower than the spectrum of Rouse
modes, and aims to model the collective reptative decay of equilibrium fluctuations in the
blend.
Explicit expressions for the intermediate scattering function of blend systems have been
provided. Typical relaxation spectra expected for melts are contrasted to those for blends,
and are presented for the entire range from the diffusive to the non-diffusive regime of
polymer dynamics, including relaxation rates and amplitudes for higher-order modes. An-
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alytical limits of the intermediate scattering function have been successfully compared to
numerical results. The dominance of higher-order relaxation modes in specific, experimen-
tally feasible, asymmetric blend systems has been reported. In addition, the possibility of
very large deviations of the expected time-correlation functions from a single-exponential
decay has been demonstrated.
This theoretical framework has been employed to interpret XPCS data acquired on the
equilibrium dynamics in the non-diffusive regime of an entangled polymer blend. More
precisely, the dynamics of compositional fluctuations in a miscible, entangled homopoly-
mer blend of monodisperse poly(ethylene oxide) and poly(methyl methacrylate) has been
studied on length scales smaller than the component polymer radii of gyration, and for
times beyond the plateau separating elastic from viscous response. The technique of XPCS
has been used to characterize the intermediate scattering function in this previously un-
accessed, non-diffusive regime of polymer dynamics, thus providing a critical test of the
reptation model of polymer dynamics. The measured relaxation rates are in quantitative
agreement with long-standing predictions of the reptation model, as expressed via the dy-
namic random-phase approximation. Moreover, the observed mode amplitudes seem con-
sistent with the entanglement lengths of the component chains.
The development of a miscible polymer blend exhibiting a sufficiently large x-ray scat-
tering cross section has only rendered an XPCS study on polymer dynamics feasible, and in
itself constitutes an important result of the research described in this thesis. With our mea-
surements, we have presented two new, independent pieces of microscopic evidence for
reptative diffusion. The equilibrium fluctuations observed exhibit a decay with wavevector,
Q, that appears weaker than that expected for ordinary diffusion, where the relaxation time,
t, would show a Q-2-dependence. This finding places our data directly into a crossover
regime characteristic for reptation. While the fluctuations are expected to decay rapidly ac-
cording to X oc Q- 2 at very small wavevectors, they ought to approach the behavior oQ 
in the limit of large wavevectors. Furthermore, the amplitude of the reptative decay in
the intermediate scattering function, S(Q, t), is qualitatively consistent with the particular
wavevector dependence that is expected in the context of the reptation model [39]. These
results complement NSE measurements in that they probe a time domain in the relaxation
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Aspectrum of dense polymeric systems that had been inaccessible until now.
6.2 Future Experiments
In the context of this thesis on complex fluids, XPCS measurements on long and thin col-
loidal rods would constitute sensible future experiments advancing the scope of the work
already completed. What makes such a system of rods so intriguing is the fact that rigid
rods would also be expected to reptate if their interactions were predominantly governed
by excluded-volume effects. In the semidilute regime, the longitudinal motion of a single
rod would then be almost free, while its perpendicular motion would be severely limited
by the surrounding rods. Such a feature of the diffusive motion can again be represented
by a confining tube. The tube's walls would be construed as the topological constraints
due to entanglement with the surrounding rods [44]. The diffusive behavior of such long
and thin rods in the semidilute regime may thus be treated by the same microscopic model
applicable to flexible polymer chains.
This is not surprising. It is well-known that the static scattering cross section of flexible
polymer networks displays a rod-like behavior if the chains are probed on length scales
comparable to their persistence length [59]. Much effort has been made to model the static
cross section of objects which behave like Gaussian coils on length scales similar to the
coil radius, but which behave like rods on the scale of the corresponding statistical segment
length [67, 84, 85]. The physics underlying the behavior of these so-called "wormlike"
chains is intuitive. A wormlike chain simply displays a finite degree of stiffness which is
revealed by scattering experiments probing sufficiently small length scales, comparable to
the persistence length of the polymer chains. It would be very difficult to perform XPCS
studies of wormlike chain dynamics on the length scales corresponding to the rod-like
behavior. The small scattering cross sections at large wavevectors would pose a significant
challenge. Similar behavior may, however, be studied by carrying out experiments on
colloidal rods, which are expected to exhibit far larger scattering cross sections on their
characteristic length scales.
With dynamic data on both polymeric colloids and miscible homopolymer blends, this
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thesis has investigated two extreme configurations in which polymers occur in nature, as
well as in technical and everyday applications. These extremes concern the degree of en-
tanglement between the fundamental constituents of the sample. To first order, one can
conceptualize the hard-sphere colloidal suspension studied as a topologically discontinu-
ous phase of bulk-like, polymeric particles separated from their surrounding medium by
sharp boundaries. In contrast, a miscible blend of long-chain homopolymers does not ex-
hibit any sharp boundaries, but represents an entangled network of single chains.
It has long been established that the nature of the boundaries defining the microscopic
structure of a sample is reflected dramatically in the static structure factor. Most notably,
the Porod law predicts a Q-4-dependence of the static structure factor at large scattering
wavevectors, Q, for scatterers with sharp boundaries in three dimensions. The latter applies
to a hard-sphere colloidal system, whereas the polymer blend studied exhibits a Q-2-decay
of the static structure factor at intermediate wavevectors. Looking beyond the static struc-
ture factor, an extended series of XPCS investigations on samples with different topologies
would grant us more insight into just how the presence of entanglement constraints affects
the microscopic dynamics of the system under study.
This thesis has discussed XPCS measurements both on a system characterized by the
presence of sharp, microscopic boundaries, and on a system characterized by a lack thereof,
in which entanglement effects dominate the dynamic behavior. To further our understand-
ing of microscopic dynamics in the presence of topological constraints, an XPCS inves-
tigation of a system combining aspects of these two extremes would be instructive. A
natural candidate would be represented by a semidilute suspension of rigid rods in a high-
viscosity liquid, such as glycerol. Suitable rod systems might very well have a potentially
non-polymeric material origin, as does, for example, boehmite. Nevertheless, by virtue of
displaying a microscopically rod-like geometry, colloidal rods intrinsically combine fea-
tures of a distinct particle with those of an entangled polymer network. The rods form
sharp boundaries to a surrounding medium which sustains hydrodynamic interactions, yet
their diffusive behavior is at the same time influenced by reptative effects.
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Appendix A
Modelling and Optimizing the
Beamline Optics
In order for there to be non-zero contrast in an XPCS measurement, it is necessary to use
a partially coherent x-ray beam. The coherence of a beam has two components: transverse
or lateral coherence, and longitudinal or temporal coherence. For a source with an approxi-
mately Gaussian intensity distribution, the "one-sigma" transverse coherence lengths at the
sample are = R'/(2rcqx) in the horizontal direction and = R'/(2cyz) in the vertical
direction, where X is the x-ray wavelength, and R' is the source-to-sample distance. At the
Advanced Photon Source, the "one-sigma" Undulator A source sizes are cax - 350,um and
oz -50#m in the horizontal (x) and vertical (z) directions, respectively, although oz can be
significantly smaller, depending on the coupling [25]. Noting that R' = 55 m for the sample
position during the measurements presented here, the transverse coherence lengths can be
estimated as z_ 28um in the vertical direction and 4m in the horizontal direction.
For a Lorentzian energy spectrum, the longitudinal coherence length of the beam is
given by AC = X; -1(E/AE), where E = 7.66keV is the energy of the x-ray beam, and
AE is the full width at half maximum (FWHM) of the spectrum. In fact, the numerical
factor relating the longitudinal coherence length to the spectral FWHM depends on the
details of the energy spectrum [52]. For the measurements described in this thesis, we
employed a Ge( 1) crystal monochromator, yielding AE/E - 3 x 10 - 4 for the relative
FWHM. In this case, for the wavevectors of interest in this thesis, the optical path length
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ddifference between x-rays scattered from different parts of the sample is much smaller than
the longitudinal coherence length, so that the bandwidth does not affect the speckle con-
trast. Although the transversely coherent flux for a "pink" beam setup - which employs the
entire undulator first harmonic - is larger than with a monochromatic beam, the concomi-
tant increased bandwidth considerably reduces the speckle contrast. In fact, the expected
statistical noise at larger scattering angles, where the scattering is weakest, is comparable
for the two cases. We preferred monochromatic beam for studies of soft-matter samples
because of the reduced flux and correspondingly reduced risk of radiation damage.
The quantity actually measured in XPCS experiments is the normalized intensity auto-
correlation function, averaged over the accumulation time, T, and the pixel area, U2 :
l fT/2 [ t+T/2 2S, 2
9g2(tTU2) = U4T2 dtl/ dt2 u2d2S 2d2s2
x g2(Sl- S2, tl - t2) , (A. 1)
where
g2(SI - S2, tl - t2) = (E A.2)([E,2)2
with sl and s2 denoting the deviations from the origin within a given pixel [65, 95, 119]. In
the remainder of this section, we calculate a theoretical value for the speckle contrast.
A.1 Calculating the Optical Contrast
Following Ref. [95], we consider an x-ray scattering experiment in which a highly colli-
mated beam of x-rays with mean wavevector ki = kS is incident on a sample, for which the
number density of electrons is p(r, t) at location r and time t. The corresponding incident
electric field at r and t may be written as Ei(r,t) = Ei(r,t) i e iki r -'t, where co = ck is the
mean frequency, c is the speed of light, and i specifies the polarization of the incident
x-rays, which we assume to be pointed along the x-direction, i = x. The variable Ei de-
notes a complex amplitude that varies slowly in time compared to - and slowly in space
compared to k - 1. With the further assumption that the charge density at any point varies
slowly compared to o-l, the electric field at a distance Rdet from the sample, scattered to
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wavevector ks, is given by
Es(t') = s Es' i roe
Rdet
x jd3reiQrp(r,t)Ei r,t+s ), (A.3)
where Es is the polarization of the scattered x-rays, Q = ks- ki is the wavevector trans-
fer, t' = t + Rdet/C is the time at which x-rays scattered at time t are detected, and ro is
the Thomson radius of the electron. The integration volume, V, in Eq. (A.3) is the illu-
minated sample volume, which we will take to be a right-angle parallelepiped of dimen-
sions L along x, M along z, and W along y. Since the incident field is a plane wave to a
good approximation, Ei only depends on y and t in the combination y - ct. It follows that
Ei(x,y,Z,t) = Ei(x,O,z, t - y/c), so that
. i - i t
Es(t') = s es E r e
Rdet
x d 3r e-iQrp(r,t) Ei (xOZt+ Qr) . (A.4)
Using the fact that Ei and p are translationally invariant, independent random variables, the
corresponding mean scattered intensity is
(s .'i) 2 r2 V(iEi 2) = ( 2 r
Ret
x f d3 r e -iQr (p(O0 O)p(r,O))
x (0x, 0 0,) /I. Q ) (A.S)
For the measurements described in this thesis, the correlation length of the density fluctua-
tions is much shorter than the coherence lengths of the electric field. Therefore, Eq. (A.5)
can be written as
(lEs12) 2E (IEil2)
det
xj d're-iQr(p(O,O)p(r,O)) .(A.6)
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Substituting Eq. (A.4) into Eq. (A.2) yields the result that
g2(S1 - S2,t) (£s i) 
4 r jd3ri d3r2 d3r3 f d3r4
ER4 (Es 2)2 v v
x ei(Q+sl)-(r l -r2)e-i(Q+s2) (r3-r4)
x (p(rl,O)p(r2, O)p(r3,t)p(r4,t))
(Ei[l,O ,zi, (Q + s l ) rl]Ei * Z2 (Q + S2)- r2]
)O
E[x40, z4, t+(Q + S2 ) )r4
Significant contributions to the integrals of Eq. (A.7) occur for rl - r2 and r 3 - r4 and for
rl r4 and r2 - r3, so that, in the realistic case that the coherence time of the source is
much shorter than the correlation time of the sample, we find
g2(s1 - S2 ,t)
(¢s. )ro n1+
4det (IEs 22
x d3 rl d3 r2 d3 r3 d3 r 4 e -iQ(r -r4)eiQ (r2-r3)
x (p(rl, 0)p(r4, t)) (p(r2,0)p(r3, t)) e - i(s j-s 2) (rl -r 2)
x Ei 1,0,zll, ( ,) ] E2 0 2, Q r2 O s.
x Ei [20, 2,t+ (Q + S) 2]
x E* [l,O,zl,t+ (Q + 2 ) r]
+(S1 -S2) (Qt) 
= ±(Sl -s2) S(Q) ..
These calculations have also been carried out for the derivation of Eqs. (2.26) and (2.28) in
Ref. [95]. We have used
S(Q,t) = V Jvd3 r eiQr (p(O, 0)p(r, t))
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(A.8)
(A.9)
and
Y(S -S 2 ) = jd3rl fd3r 2 e -i( s l -S 2)(r, -r 2)
I (Ei(O, , 0, 0)E[ Ix2 -x1,, Z2 - zl, Q (r2 - rl)/i]) 12
V 2 (IEi12> 2
V2 vdrl d3r2 e -i(s l -s2)(r1 - r2)
X e- (x 2- l)2/ 1 2 e -( z2 - z l )2 g/ 2 e - 2 l l/ k , (A.10)
where A = 2/nAX denotes the longitudinal coherence length, and A refers to the opti-
cal path length difference between x-rays scattered from two points within the sample at
rl = (xl,yl,z1) and r2 = (x2,Y2,Z2). To arrive at Eq. (A.10), we neglected sl and s2 com-
pared to Q in the argument of Ei in Eq. (A.8), and assumed that the source exhibits "cross-
spectral purity" [15], that it exhibits a Gaussian intensity distribution, and that the frequency
spectrum of the radiation is Lorentzian, giving rise to an exponential time-correlation func-
tion.
In the following, we assume a sample of uniform thickness W - 1 mm along the y-
direction, and consider the case of a uniform illumination through an aperture of dimen-
sions L = 20,um and M = 50um along the x- and z-directions, respectively. The sample is
taken to be immediately adjacent to the aperture, where "immediately adjacent" may be ex-
pressed quantitatively as XDI/L < L, with D the slit-to-sample distance and L the slit width.
This condition is satisfied for the slit settings employed in our measurements. Also, since
most of each measured image corresponds approximately to scattering in the horizontal
(see Fig. 2-3), and because consideration of zero azimuth permits considerable simplifi-
cations, we will make the approximation that A - 2(x2 - xl) sin0cos 0 - 2 (y2 - yl) sin2 0,
where 20 refers to the total scattering angle. It follows that the six-dimensional integral of
Eq. (A. 10) factors into the product of a four-dimensional integral I (s), involving xl, x2, Yl,
and Y2, and a two-dimensional integral 12(s), involving zl and Z2. The integral over xl, x2,
l, and Y2 is given by
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Al(s) = L dXL dX2W dy dY2L~ (S) 2 dW2
x e - (x 2 - x l )2/ 2 A'(x2-xl )+B'(y2-Yl ) 
x co Sx(X2-Xl) co Sy(Y2 -X) , (A. 11)
where A'= (AX/X))QV/1- Q2/4k 2 , and B' = (AX/X)(Q 2 /2k). Making use of the transfor-
mations given in Ref. [136], the four-dimensional integral of Eq. (A.11) may be trans-
formed into a two-dimensional integral:
Il (s) = - dx(L - x) W2 dy (W-y)
e- x 2/ 1 2 [e-l A'x+BY COs(Xx+ Syy)
+ e A'x- B'y cos(sxx- Sy )] (A. 12)
In fact, for measurements at small scattering angles we find sy - 0, and we will suppose
that each CCD pixel accepts x-rays scattered into a range 0 < sx < S and 0 < s, < S, where
we use S = kU/Rdet. The quantity U = 22.5,um denotes the dimension of a pixel, and
Rdet = 5 m the sample-to-detector distance. For the integral over zl and Z2, we find
I2(S) = M jzdzI dz 2 e-(z 2 -z) 2 / 2 cOSSz(Z2 - ZI)
M2 Mdz(M-z)e- Z 2 / ~2 cossz, (A. 13)
with sz = S2z - Slz.
In the present experiment the bandwidth is sufficiently narrow that in order to estimate
the expected XPCS contrast, we may set A' = B' = 0 in Eq. (A. 12). Then, we obtain
I(s) = l dx(L-x)e - x 2/ ~2 cossxx, (A.14)
which is formally identical to Eq. (A. 13).
Returning to Eq. (A. 1), to compare theoretical expectations to our measurements we
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should integrate Eqs. (A.13) and (A.14) over the pixel acceptance:
I = S2 dslx ds2x I1 (s 2 - Sl)
2 dsx(Sx)
- - ds, (S - s,
2 (LZ E2 dx (  - ) e- x 21 2 cOSSxX
2 L - /42
= A2 dx (L- x) e -x2/2
sin2 ½Sx
(Sx) 2
22 Adx(L-x)e- e - 6
2o- dx(L-x)e -x2 /-2,
where we made the approximation sin 2 Sx/(ISx)2 e-S and also introduced the
effective coherence length [1]
(A.16)
Eq. (A. 15) may be evaluated analytically in terms of the error function:
II = L2 [(L/E)/erf(L/) +e-L2/21] (A.17)
For the parameters appropriate to the measurements reported here, E- _ 4,um. For
L/E > 2, Eq. (A.17) may be approximated by I1 - (L/E/Vi+ 0.37)- 1 - 0.31. An analo-
gous calculation proceeds for 12, yielding
M2I2= [(M/z) \/ierf(M/Z) + e -M 2/Z 2 - 1] 
Z =//1 VI+ U 2R,2/6(z2R2e3/ V'' U = /6Iz det., (A.19)
The effective vertical coherence length, Z _ 14,um, is considerably reduced from 
28,um. In this case, 2 - (M/Zx/i+ 0.37<)- 1 - 0.42. We may thus conclude that we should
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(A.15)
where
(A.18)
___I I
'- JI - 2/ VI +I·2'S2/6 = ~/
expect to observe a speckle contrast of A = I112 '" 0.13 for 20rum-wide horizontal and
50,um-wide vertical slits.
A.2 Estimating XPCS Signal-to-Noise Levels
In the context of the previous derivations, we will now provide a rough estimate for the
dependence of the XPCS signal-to-noise level on the various experimental parameters. To
do so, we will consider the shot-noise, low-contrast limit.
We denote the mean detected photon count rate per detector channel with (I), and
the accumulation time with T, and further assume that the data sequence contains N bins
linearly displaced in time. We can then use Eq. (2.26) to estimate the signal-to-noise level
as
rsnJ = A (I) T i/N, (A.20)
where A = I2 denotes the optical contrast. We emphasize that this expression describes
the shot-noise limit after extrapolating to zero delay time, for a single detector channel. In
the idealized case that the data acquisition scheme exhibits no dead time after detection,
we can write N = AT/T, where AT refers to the total duration of the measurement. Only
under this condition will we recover the familiar result that rsnJ o T AT.
Let X refer to the differential scattering cross section per unit volume of the sample, ,u
to its absorption length, and W to its width. Using the notation introduced in the previous
section, the product LM expresses the size of the beam illuminating the sample. Assuming
the flux density on the sample is given by (4, and the detector efficiency by K, we can
express the photon count rate detected over the solid angle MQ = U2/RIet via
(I) = K D LMW Vi e - w/ . (A.21)
The flux density, 4D, can in turn be expressed in terms of the source brilliance B, the relative
energy bandwidth AE/E, the effective source area (2V/') 2ox'Cz, and the source-to-sample
distance R', yielding
=- B - R2 (A.22)
E R1842
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at a fixed synchrotron current. In the limit of low optical contrast, where L> > and M > Z,
we find
-Z
A _-- (A.23)L M
t/L 4/M
V1 + U 2R/6,R2et 1 + U 2 Rt2 /6z2Riet2
Using Eqs. (A.21), (A.22), and (A.23), as well as the expressions for the transverse coher-
ence lengths 4 and r, we obtain
rsnJ - KT /NW e - W/I (A.24)
(E/E) 2
/Retl/U 2 + R'2/6X 2 Rdet/U 2 + R' 2 /6
This result applies when the relative bandwidth is sufficiently narrow to not appreciably
diminish the contrast, and when the illuminated sample dimensions in the horizontal and
vertical directions are larger than their respective transverse coherence lengths. Eq. (A.24)
describes the signal-to-noise level for a single detector channel. Using a multi-channel
detector with Ns independent spatial channels, we expect the noise of the averaged signal
to scale according to rsnJ o Ns
It is interesting that in these limits the signal-to-noise ratio rnJ is independent of the
beam sizes L and M. Eq. (A.24), in conjunction with the desirability of a contrast as large
as possible in order to minimize systematic errors, affirms that it was reasonable to chose
the sample-to-detector distance to be Rdet S 5 m.
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Appendix B
Applying the Dynamic Random-Phase
Approximation to Polydisperse Binary
Blends
The framework of the dynamic RPA can also be employed for modelling polydisperse
systems. For the first polymer species in a binary homopolymer blend, we generalize
(lN) o01 4 E lk (V1 Nlk) Olk , (B.1)
k
and similarly do so for the second species. Here, the size distribution of the first polymer
species is broken down into discrete fractions labelled by the index k, each occupying a
volume fraction lk. The latter is related to the number fraction, Xlk. Specifically, let Xlk
denote the number fraction of type-i chains with a length falling into an interval of full
width 81k about the mean Nlk. The size distribution is normalized via
N1 = E XlkNlk, 1 = E Xlk (B.2)
k k
This expression represents a discretization according to
Xljk a, 1k, (B.3)
a3N N1
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where the continuous size distribution aXl /3N 1 is normalized using
Nl=f N I dN1 1 aI dN * (B.4)
Since the volume of a chain within fraction k is given by vlNlk, the overall volume fraction
occupied by subfraction k is given by
XlkNlk __ XlkNlk
qlk = 1 X--= 1 N (B.5)
to be substituted into expression (B.1). The norm of Eq. (B.2) ensures that the overall
volume fraction of all monomers of the first species is given by 1.
Let us also assume that different size fractions of the same species do not interact,
while the interactions between different species are independent of the particular size dis-
tributions. Performing similar generalizations for the second polymer species, we obtain
the generalization of Eq. (4.18) to polydisperse systems,
v( ){ [e XNI Eo Ik ] (B.6)
+ -2V2 Y X2k N2 a02k 2X[ 2kN2ko2k] VO}
which is applicable to a binary, interacting blend of polydisperse components. Chapter 4
of this thesis focuses on modelling monodisperse systems. For this reason, Eqs. (4.16)
and (4.18) are used exclusively. The polydisperse case described by Eq. (B.6) was consid-
ered for completeness alone. It is instructive to note that Eq. (B.6) can also be employed
for modelling the static structure factor of a polydisperse, binary, interacting homopolymer
blend. For doing so, one replaces the collective susceptibility, 6, by the static structure fac-
tor, and the single-chain susceptibilities, acik, by the single-chain form factors, i.e. Debye
functions.
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